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0. Executive summary

This report summarizes the work performed by Lawrence Berkeley National Laboratory
(LBNL), and the Center for Environmental Design Research (CEDR), University of California at
Berkeley, between October 1998 and September 1999 on Thermal Energy Distribution Systems
in Commercial Buildings. This research project was supported by California Energy Commission
(CEC) Public Interest Energy Research (PIER) Program Transition Funding, through the
California Institute for Energy Efficiency (CIEE), and the U.S. Department of Energy. The work
builds on the Commercial Thermal Distribution Systems multi-year research project supported
by CIEE.

0.1 Introduction

According to the California Energy Commission (CEC 1998a), California commercial buildings
account for 35% of statewide electricity consumption, and 16% of statewide gas consumption.
Space conditioning accounts for roughly 16,000 GWh of electricity and 800 million therms of
natural gas annually, and the vast majority of this space conditioning energy passes through
thermal distribution systems in these buildings. In addition, 8600 GWh per year is consumed by
fans and pumps in commercial buildings, most of which is used to move the thermal energy
through these systems.

Research work at Lawrence Berkeley National Laboratory (LBNL) has been ongoing over the
past five years to investigate the energy efficiency of these thermal distribution systems, and to
explore possibilities for improving that energy efficiency. Based upon that work, annual savings
estimates of 1 kWh/ft* for light commercial buildings, and 1-2 kWh/ft* in large commercial
buildings have been developed for the particular aspects of thermal distribution system
performance being addressed by this project. Those savings estimates, combined with a
distribution of the building stock based upon an extensive stock characterization study (Modera
et al. 1999a), and technical penetration estimates, translate into statewide saving potentials of
2000 GWh/year and 75 million therms/year, as well as an electricity peak reduction potential of
0.7 GW.

The overall goal of this research program is to provide new technology and application
knowledge that will allow the design, construction, and energy services industries to reduce the
energy waste associated with thermal distribution systems in California commercial buildings.
The specific goals of the LBNL efforts over the past year were: 1) to advance the state of
knowledge about system performance and energy losses in commercial-building thermal
distribution systems; 2) to evaluate the potential of reducing thermal losses through duct sealing,
duct insulation, and improved equipment sizing; and 3) to develop and evaluate innovative
techniques applicable to large buildings for sealing ducts and encapsulating internal duct
insulation. In the UCB fan project, the goals were: 1) to develop a protocol for testing, analyzing
and diagnosing problems in large commercial building built-up air handling systems, and 2) to
develop low-cost measurement techniques to improve short term monitoring practices.

To meet our stated goals and objectives, this project: (1) continued to investigate and
characterize the performance of thermal distribution systems in commercial buildings; (2)
performed energy analyses and evaluation for duct-performance improvements for both small
and large commercial buildings; (3) developed aerosol injection technologies for both duct
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sealing and liner encapsulation in commercial buildings; and 4) designed energy-related
diagnostic protocols based on short term measurement and used a benchmarking database to
compare subject systems with other measured systems for certain performance metrics.

This year’s efforts consisted of the following distinct tasks:

e performing characterization measurements for five light commercial building systems and
five large-commercial-building systems;

e analyzing the potential for including duct performance in California’s Energy Efficiency
Standards for Residential and Non-Residential Buildings (Title 24), including performing
energy and equipment sizing analyses of air distribution systems using DOE 2.1E for non-
residential buildings;

e conducting laboratory experiments, field experiments, and modeling of new aerosol injection
technologies concepts for sealing and coating, including field testing aerosol-based sealing in
two large commercial buildings;

e improving low-cost fan monitoring techniques measurements, and disseminating fan tools by
working with energy practitioners directly where possible and publishing the results of this
research and the tools developed on a web-site.

The final report consists of five sections listed below. Each section includes its related
background information, the research methods employed, new measurement techniques
developed, the results, and discussion. Each of the sections ends with conclusions and
recommendations. This whole report concludes with references, and then appendices illustrating
the raw data, experimental methods, and calculation methods developed and used in the project.
Specifically, the five sections are:

e Field characterization of thermal distribution systems in large and light commercial
buildings (LBNL);

e Evaluation of duct performance in the non-residential portion of California’s Energy
Efficiency Standards for Residential and Non-Residential Buildings, Title 24 (LBNL);

e Aecrosol sealing, specifically, laboratory and field testing of an aerosol-based duct sealing
technology for large commercial buildings (LBNL);

e Acrosol coating of in-situ duct liner (LBNL); and

e Reducing fan energy in built-up fan systems (UCB).

The remainder of this executive summary presents brief descriptions of each of the sections,
including objectives, descriptions of outcomes, conclusions and recommendations.

0.2 Field characterization of thermal distribution systems in large and
light commercial buildings

0.2.1 Introduction

Non-residential buildings with floor areas less than 930 m* (10,000 ft%), termed “light
commercial” buildings in this report, make up approximately three quarters of non-residential
buildings in the U.S. and California, corresponding to approximately 20% of the floor area of
commercial buildings. The duct systems attached to the packaged rooftop units typically found in
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these buildings are similar to residential duct systems. First-cost considerations dominate the
design and construction practices. Previous characterizations of air leakage from ducts in light-
commercial buildings conducted in California and Florida found that leakage airflow from ducts
in light commercial buildings equals approximately one quarter of system fan flow (Delp et al.
1998, and Delp et al. 1998a). These field studies also suggest that the duct air leakage area per
unit floor area served by these systems is typically much higher than that for residential
buildings. The large variations in air leakage were found to be poorly correlated with the number
of registers, the length of the duct system, or the duct surface area (Delp et al. 1999). The field
studies performed by LBNL also showed that almost half of these duct systems were located
outside the conditioned envelope of the buildings, which would make their energy savings
potential even larger than that observed in residences.

LBNL’s previous characterizations of several large commercial buildings suggest that per unit
floor area served, their duct systems have leakage areas comparable to those measured in
residences (Fisk et al. 1998). The leakage classes calculated for these large commercial buildings
were significantly higher than the range reported by ASHRAE (1997) for quality duct
construction. However, the ASHRAE values neglect leakage at connections to duct-mounted
equipment, or ductwork/diffusers downstream of terminal boxes. LBNL’s characterization effort
also uncovered significant thermal losses due to heat conduction through duct walls and air
leakage flow under normal operating conditions. Underestimation of thermal losses caused by air
leakage and heat conduction leads to inappropriate sizing, design, and inefficient operation of
HVAC equipment.

0.2.2 Objectives

The objectives of the field characterization on thermal distribution systems are to

e add to the limited existing empirical data on the rates of air leakage in small commercial and
large commercial duct systems;

e compare two approaches of assessing air leakage, one based on duct system leakage area and
pressure measurements, and the other based on the difference between measurements of
upstream and downstream of airflow rates;

e assess the magnitude of conduction heat gains and/or heat losses in some commercial duct
systems; and

e assess system energy performance by thermal and energy measurements of the system
efficiency.

0.2.3 Outcomes

In contrast with previous studies conducted by LBNL, our building selection this year was
geared towards large-building systems. We conducted field characterization testing on five
HVAC systems (or system sections) in four large commercial buildings, and on five HVAC
systems in four light commercial buildings in northern California. To support this fieldwork we
also designed and built a calibration facility for flow measurement, as well as a high-capacity fan
pressurization system for measuring duct-system leakage areas and large register flows (up to

1.4 m’s™, or 3000 cfm) in large systems.
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SUPPLY DUCT EFFECTIVE LEAKAGE AREA (ELAs). For large systems, specific effective
leakage area (ELA;s) of ducts with 25 Pa reference pressure varied widely from system to
system, ranging from 0.3 to 7.7 cm*/m” of floor area served, and from 0.7 to 12.9 cm*/m? of
duct surface area. In one variable-air-volume (VAV) system, the ELA;s normalized by the
duct surface area of the section upstream of the VAV boxes was found to be eight times
smaller than that of the downstream branches. For small systems, the specific ELA;s ranged
from 0.8 to 5.3 cm?/m? of served floor area, and from 3.7 to 7.5 cm?/m” of duct surface area.
The averaged specific ELA,s was 2.6 cm?/m? of floor area, which is somewhat lower than
that found in our previous studies.

AIR LEAKAGE CLASS. For large systems, the air leakage classes for main supply ducts
(upstream of VAV or mixing boxes) for all large systems tested ranged from 34 to 246, while
those downstream (usually branches) varied widely from 58 to 606. In the present study, the
total leakage classes (supply, return, and air handler) of the small systems ranged from 244 to
414, averaging 333, once again lower than 447 average reported in LBNL’s previous studies.

OPERATING PRESSURE. The average supply-plenum static pressure relative to the conditioned
space observed in small commercial systems was 30 Pa, about 50% lower than the average
found in the previous LBNL studies on light commercial buildings. The statistical
significance of this difference is inconclusive at this stage, since we only studied five such
small systems. For large-building systems, we found large variations of operating pressures
among different systems, and among different sections of the same systems. Duct sections or
branches downstream of terminal boxes had average operating pressures similar to the
operating pressures observed in the small-building systems.

AIR LEAKAGE RATIOS. In small systems, the average air leakage ratio, the ratio of air leakage
flow to the total supply air flow, was approximately 10%, lower than the 26% of fan flow
average value reported by previous LBNL’s studies. In large systems with terminal units
(VAYV or mixing boxes), it is necessary to separately characterize the leakage of sections that
operate at different pressures, namely upstream and downstream of terminal units. Using two
different methods in this study, the range of the estimated leakage ratios in two large
constant-air-volume systems was estimated to be up to one-third of total supply airflow, a
range similar to the findings in LBNL’s previous study.

HEAT CONDUCTION LOSSES. We improved the accuracy of temperature measurements in the
duct systems by employing self-powered portable data-loggers (HOBO-Pro) for this year’s
experiments. The effectiveness [(Tregister — Troom)/( Tpienum — Troom)] for small-building systems
ranged from 0.76 to 0.91, and the fractional on-time for cooling cycles in these buildings
ranged from 14 to 48% during occupied hours. The system-average temperature rise between
the outlet of the cooling coils and the supply registers due to heat gains ranged from 1.2 to
2.4 °C for the small-building systems. For large systems, the corresponding effectiveness was
between 0.77 and 0.98 for the two constant-air-volume (CAV) systems tested in heating
mode, with building-average temperature drops of up to 4 °C. As expected, the effectiveness
decreased with the distance downstream of the supply plenum. For the one VAV system that
we tested in cooling mode about a quarter of the total cooling energy was lost before it was
delivered to each of the VAV boxes during one particular peak-hour. During that same
period, about additional 15 percent points of the cooling energy delivered to a particular
register was lost downstream of its parent VAV-box.

14



0.2.4 Conclusions

The field portions of this year’s research brought home a couple of key points. First, it is clear
that there can be significant duct air leakage in large commercial buildings, similar to the duct air
leakage that has been found in residences and light commercial buildings. Although we cannot
draw any conclusions about the population of buildings in California based upon the few
buildings that we tested, it is clear that there can be significant leakage, and that there are large
variations in leakage levels between and within buildings.

The situation with respect to duct-system conduction losses (including convection and radiation
losses) in large buildings is similar to that for air leakage. The duct-system temperature changes
associated with these losses were clearly shown to be well above the “designer’s rule of thumb”
of 1 °F, ranging between 0.3 °C and 6.2 °C (0.5 to 11.2 °F) for branches without “induction”
units. As conduction losses have been shown to have energy impacts similar to those for leakage,
it is clear that the energy savings potential associated with the losses is also significant.
Moreover, our data and analyses also indicate that the energy saving associated with the use of
VAV systems is being systematically reduced by conduction losses. Specifically, as the flow and
velocity through the ductwork is reduced by the VAV dampers, the conduction losses increase,
which forces the VAV dampers to open further to increase the flows to meet the loads.

0.2.5 Recommendations

Based upon these findings, it is also clear that we are just scratching the surface with respect to
quantifying and addressing duct air leakage issues in this building sector, as the number of
buildings that we have characterized remains small, while the diversity and complexity within
this building sector remains large. More field characterization is needed to improve our
knowledge on the duct system performance, especially in the large commercial systems. In
addition, based upon our earlier analysis of the energy implications of the duct air leakage, it is
clear that it is worth continuing our pursuit of energy savings by means of duct sealing in large
commercial buildings.

The conduction problem, which is something that merits further investigation, would need
augmentation and application of analysis tools, and including diagnostic and improvement
technology. Most likely, the largest impact in this area will come in the new-construction area.

The key recommendation with respect to small buildings based upon this year’s work is that
diagnostic tools need to be improved to provide quick, accurate diagnoses of performance. This
stems from our observation of a significantly different level of leakage in this year’s sample of
buildings, and the fact that our measurements continued to take too long to perform.
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0.3 Evaluation of duct performance in the non-residential portion of
the California’s Energy Efficiency Standards for Residential and
Non-Residential Buildings (Title 24)

0.3.1 Introduction

As compared to light commercial buildings, a much larger fraction of HVAC energy use in large
commercial buildings is associated with the fans, and earlier research has shown that this fan
power is dramatically impacted by air leakage and thermal losses. Based upon simulation of a
variable-air-volume (VAV) system with a leakage class of 137 (compare to the range of 60 to 270
measured by Fisk et al. 1998), Franconi et al. (1999) report an HVAC energy cost increase of
14% and an annual fan energy use increase of 55% induced by duct air leakage. This suggests
that sealing duct leaks in large commercial buildings may be an effective measure to increase
energy efficiency in this sector. Similar, but less detailed, analyses showed comparable fan-
power savings potentials associated with reducing conduction losses.

0.3.2 Objectives

The objective is to identify a strategy for recognizing duct performance within the Non-
Residential portion of the California’s Energy Efficiency Standards for Residential and Non-
Residential Buildings (Title 24).

0.3.3 Outcomes

At the outset of this effort, we first found that: 1) the impacts of duct performance are essentially
not considered in the non-residential portion of Title 24, and 2) the DOE-2.1E building
simulation program plays an important role in the evaluation of California non-residential
compliance, although EnergyPlus is under development. This meant that much of this effort
revolved around investigating how DOE 2.1E treats, and can be made to treat duct performance.

At first glance, it appears that DOE2.1E addresses duct losses, and that the incorporation of duct

losses would be relatively straightforward. Unfortunately, this optimism was not supported by

our detailed analyses. In brief, although DOE-2.1E does include the basic capabilities for

modeling duct air leakage and heat loss in supply ducts, there are a number of hurdles to be

overcome. Some salient issues include:

e The lack of an algorithm for return duct losses/gains;

e The use of a fixed supply-duct air leakage ratio, even for VAV systems;

e A ponderous set of keyword choices that can easily derail even the most conscientious,
skilled, and motivated user of the program;

e A number of hardwired assumptions about the implications of duct losses on building and
plenum-zone loads and temperatures.

We made a number of comparisons between DOE-2.1E results and our best estimates of the
impacts of duct performance, and found significant discrepancies. Although we seem to have
explanations for most of the discrepancies, additional digging within the DOE2.1E program will
be needed to obtain a roadmap for addressing duct performance in an accurate and
straightforward manner.
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On the positive side, commercial vendors of non-residential compliance tools were supportive of
these efforts, and seemed to be willing to implement our ultimate strategy, assuming that it is
practical. Since the tools available use DOE-2.1E as the calculation engine, they can tap into the
existing duct performance modeling capabilities offered by the program, and ultimately into our
improvements.

0.3.4 Conclusions

The principal conclusion to be drawn based upon our analysis of how to incorporate duct
performance into the Title-24 (Non-Residential portion) is that the most pragmatic and likely-to-
succeed pathway is through the DOE-2.1E program. The DOE-2.1E program is well entrenched
into the Title-24 compliance path, and most importantly, is used to benchmark alternative
compliance models, which means that unless the DOE2.1E program gets the correct answer,
alternative programs that do get the right answer will not be certified. The DOE 2.1E program
already explicitly addresses duct performance. However, based upon our analysis this year, we
conclude that a number of modeling assumptions, problems, complexities, and/or ambiguities
associated with that program need to be addressed. These include, but are not limited to: 1) a
fixed, supply-duct air leakage ratio 2) no treatment of return-duct losses/gains, 3) an apparent
over-specification associated with capacities, flows and temperatures, 4) lumping of duct losses
into a single zone, and 5) the assumption of outdoor air make-up for all duct air leakage.

Assuming that the technical issues identified in this study can be addressed in a straightforward
manner, incorporating duct modeling capabilities into existing, CEC-approved, non-residential
compliance tools is straightforward from a regulatory perspective. Since the tools available use
DOE-2.1E as the calculation engine, they can be modified to use the existing duct performance
modeling capabilities offered by the program. While a critical part of that effort, applying the
duct modeling guidelines provided in this study, as well as those that we expect will come out of
a detailed assessment of both large and small buildings.

0.3.5 Recommendations

Incorporating duct-modeling capabilities into compliance tools is only one aspect of the changes
that need to be made to the non-residential standards. Other issues that must be addressed and
resolved before duct performance can be accounted for in Title-24 include: 1) definition of duct
condition in the standard building, 2) development of compliance tests for evaluating duct
performance based on the Alternative Calculation Method (ACM) Approval Manual (CEC
1998), 3) documentation of the impact of duct efficiency measures in actual buildings, 4)
specification and testing of duct air leakage measurement techniques that can be practically
applied in this sector, and 5) assurance of consistency between simulated duct performance
impacts and actual impacts. The duct air leakage measurement efforts described elsewhere in this
report, and the parallel efforts expended previously for the residential standard are important
steps towards resolving the fourth issue, however significant challenges remain with respect to
leakage measurements in large commercial buildings. More research is needed to improve
measurement technologies.

Our recommendation is that the DOE-2.1E program needs further assessment and refinement in
order to provide accurate unambiguous treatment of duct-system performance. The assessment is
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required to identify performance impact inaccuracies, document the shortcomings of the current
DOE-2.1E model, and develop modeling improvements. The assessment should be based on
typical building characterizations determined from field data and detailed duct performance
energy models. The research projects described in this report build the foundation for conducting
DOE-2.1E modeling assessments in the future. It is also important that the assessment address
the issue of fan power impacts in large commercial buildings in a manner similar to what was
done in this report for small thermally dominated buildings.

In addition, since time-of-use is an important issue in electricity energy peak demand, it’s likely
that the future version of Title 24 should include time-of-use energy analyses for the non-
residential standards. This creates an additional need to incorporate time-of-use in the DOE 2.1E
simulation tool, thereby increasing the demands on DOE-2.1E’s capability to accurately model
building and system performance. It is worth noting that our analyses show that duct loss impacts
are larger during peak demand periods in light commercial buildings, and that the fractional
impacts of duct losses do not change significantly between seasonal and peak-demand periods.

Currently, the impacts of duct performance are considered in the California residential standards,
but not in the commercial standards (Non-Residential portion of the Title 24). Much of the
reason for this is that research on residential duct performance has been ongoing for the past
decade, whereas the data available for duct performance in the commercial sector has been
limited. Accounting for duct performance in the Non-Residential portion of Title 24 should
encourage the installation of duct-related efficiency measures in new commercial buildings, and
is therefore an important goal of this research program.

0.4 Aerosol sealing: Laboratory and field testing of an aerosol-based
duct sealing technology for large commercial buildings

0.4.1 Introduction

Earlier research has indicated that the aerosol-based sealing technology developed at LBNL for
residential applications has potentially significant applications in the commercial buildings
sector. This technology involves blowing an aerosol sealant through the duct system, and
depositing particles as they try to escape under pressure through duct’s cracks. Before the sealant
is injected, the normal exit points (i.e., diffusers) are blocked and sensitive equipment (e.g., a
heat exchanger) is isolated. Although this technique has been successfully used in several
hundred residences (Modera et al. 1996) and is currently commercialized for that building sector
in the U.S. (Aeroseal Inc., Austin, TX), its application to large commercial duct systems poses
new challenges. Namely, our limited field experience based on two sections of two large
commercial systems (Modera et al. 1999b) has indicated that the sealing process involved 2.5
hours to 5 hours of aerosol injection, which implied that efforts to increase the sealing rate are
needed.

0.4.2 Objectives

The objective is to evaluate and improve methods to seal leaks in the ductwork of large
commercial buildings.
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0.4.3 Outcomes

The key outcomes in the laboratory were: 1) a characterization of the performance of two
different nozzles and injectors, 2) design and outside construction of “compact particle
injectors”, 3) measurement of the failure pressure for aerosol seals, and 4) a comparison of the
relative sealing times for two different leak geometries. For the nozzles and injectors, we
characterized both the particle size distribution (with a newly modified measurement apparatus),
and the fraction of particles lost to the plastic tubing surrounding the nozzle. These particle size
distributions both allow us to better model the sealing process, and to choose the most efficient
injection technique.

One set of injectors that we characterized were “compact injectors,” which are freestanding
particle injectors that can be installed at different points throughout the duct system to increase
the material injection and sealing rates. These injectors represent an important advance with
respect to sealing duct systems in large buildings. Another important finding was that the aerosol
seals are able to withstand very high pressure differentials (6000 Pa or 24 in. H,0) before failing,
which means that these seals will easily be able to withstand the pressures (up to 600 Pa)
observed in commercial building duct systems. Moreover, failures were not catastrophic, with
the broken seals sometimes “repairing” themselves when the pressure differential was taken
away. Finally, we found that the sealing process was approximately three times faster for “joint”-
type leaks, as compared to “hole”-type leaks, which suggests that our sealing process may be
considerably faster in actual systems, as compared to what our current model (based on hole-type
leaks) suggests.

We also performed field experiments with aerosol sealing in two large-commercial buildings. We
found that the sealing rate increased considerably when a compact injector was used, and that
adding an opening in the downstream section of the duct (end) allowed us to continue the sealing
process after the threshold limit for the duct pressure (500 Pa with the present apparatus) was
reached. The leakage classes of the systems (or sections) were reduced from 657 down to 103,
and from 40 down to 3, corresponding to leakage reductions of more than 80 and 90%
respectively.

0.4.4 Conclusions

The principal conclusion based upon our field study of aerosol-based duct sealing in this report is
that aerosol duct sealing in large commercial buildings is promising, but that additional research
efforts to increase the efficiency of the technology should be pursued before its widespread use
can be envisioned. Our rough analysis of the economics indicates that the payback for this type
of sealing is less than one year. On the other hand, the speed and technical complexity of the
current sealing process mean that it is not yet ready for commercialization.

Unanswered questions remain regarding the potential deterioration of sensitive equipment (e.g.,
smoke detectors, [AQ sensors), and the time required to seal the registers. We also believe that
the optimum pressure and flow conditions for sealing typical leaks should be experimentally
investigated, as previous work in this area cannot be applied directly to the current sealing
protocols.
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Some smaller conclusions based upon our work on duct sealing this year are: 1) that the seals
created with the current sealant material are able to withstand pressures far in excess of what is
found in commercial-building duct systems (up to 600 Pa), 2) that “compact injectors” can
increase sealing rates substantially, and 3) that “joint”-type leaks seal considerably faster than
“hole”-type leaks.

0.4.5 Recommendations

Additional research in the laboratory and field is needed to investigate the effective and efficient
ways of sealing duct systems, especially for large commercial buildings. Our recommendations
for the future are that we set up a full-scale large-commercial duct system in a laboratory facility
to better understand and tune the adjustable parameters of the process. This laboratory setup
should also yield estimates of the size of the duct systems that can be tightened in a reasonable
time with this process.

0.5 Aerosol coating of in-situ duct liner

0.5.1 Introduction

Earlier research also indicated that the aerosol injection technology may also be able to
encapsulate the inside surface of internally insulated ductwork (e.g., duct board, or internally
insulated sheet-metal ducts). This internal duct insulation is typically installed in large-
commercial ductwork to provide sound attenuation and thermal insulation. However this
insulation has proven to be considerably more difficult to clean (as compared to sheet-metal
inner surfaces), and questions about erosion of the surface have been raised. These effects have
generated a set of specialty contractors that apply coatings to internal duct insulation by either
spraying the liner with coating material from short distances, or by guiding a robotic cart with a
camera and sprayer down the ductwork. The objective of our research in this area has been to
determine whether we can produce an impermeable coating on the air-side surface of internal
fiberglass duct insulation that would not only address cleaning issues, but also fan power
consumption. Fan power consumption would be indirectly reduced by reducing conduction
losses due to infiltration of the fiberglass (Levinson et al. 1998), as well as by reducing the
effective surface roughness.

0.5.2 Objectives

The objectives are to investigate the feasibility and efficacy of remotely creating an impermeable
membrane by aerosol injection, and to estimate energy savings potential associated with creating
an impermeable membrane.

0.5.3 Outcomes

Our research on aerosol coating this year resolved a number of key issues, including: 1) the issue
of whether we can create an impermeable membrane remotely within a duct, 2) the development
of tools to quantify the relative flow resistance of different parts of the liner, and 3) an estimation
of the energy savings potential associated with creating an impermeable membrane within the
duct. Concerning the first issue, we were able to create impermeable membranes on liners from
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as much as 4.6 m (15 ft) away, which is a significant breakthrough. We also developed an
apparatus for quantifying the flow-resistance uniformity of the membrane created. This device
was used to demonstrate that the membrane created was rather uniform with respect to airflow
resistance.

The issue of quantifying the energy saving potential of creating an impermeable liner membrane
provided a less encouraging result. In particular, the high duct velocities that cause the
degradation of porous-insulation performance also result in relatively short residence times of
conditioned air in the ductwork. This means that even though we can achieve significant
improvements in insulation R-value at high velocities, the absolute savings are relatively small.
The reductions in fan power due to the improvement of the R-value of the insulation is on the
order of a few percent, and the overall savings, including the impact of the membrane on flow
resistance is not likely to be more than 10% of fan power. On the other hand, since there is
already an industry that is applying “permeable” coatings to the inside of duct liners for IAQ
purposes, this technology could prove to be an important augmentation of their service, and
might create a better barrier to future particle and microbial depositions in the liner, thus
providing the energy savings at a low incremental cost.

Our research on aerosol coating to reduce duct-liner permeability and surface roughness also
provided some important breakthroughs this year. Our most significant breakthrough was that we
were able to produce reduced-permeability coatings remotely for the first time. A second
important conclusion based upon our work this year is that the potential of this technology to
reduce thermal conduction is limited by the fact that the high velocities that reduce duct-liner
thermal performance also reduce residence times in the ductwork, thereby reducing the savings
potential of liner encapsulation. On the other hand, our rough estimate of the simple payback was
short enough that we cannot dismiss the savings opportunity associated with this technology.
Moreover, since there is already an industry that is applying “permeable” coatings to the inside
of duct liners for IAQ purposes, this technology could prove to be an important augmentation of
their service, creating a better barrier to future particle and microbial depositions in the liner, and
providing the energy savings at a low incremental cost.

0.5.4 Conclusions

Based upon these findings, and our experimentation in the laboratory, we can conclude that: 1)
we need significant improvements before commercialization, 2) the energy savings from coating
are modest compared to those from sealing, 3) coating will be motivated by IAQ concerns, with
energy savings as a fringe benefit, and 4) in-situ coating is an evolutionary, not revolutionary
technology.

0.5.5 Recommendations

In terms of recommendations for the future, it seems that a modest effort in this area is justified,
focusing initially on a better understanding of the in-situ interior-encapsulation industry.
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0.6 Reducing Fan Energy in Built-up Fan Systems
0.6.1 Introduction

The focus of this project has been on buildings with built-up or central air handling systems
(such as large offices, hospitals, and schools) where fan energy makes up anywhere from 13% to
40% of the total HVAC energy (i.e., not including lighting). Built-up air handlers are custom
engineered, project specific, and site assembled air handlers as opposed to factory assembled
packaged units. For many of these buildings there is a significant opportunity to improve the
performance of the fan systems to reduce energy use and at the same time improve indoor air
quality and thermal comfort. In order to improve the performance of these systems, practitioners
need tools for cost-effectively identifying fan-system problems. UCB has been involved in this
research since 1994. This reports includes the work of this past year plus the unpublished results
from previous years.

0.6.2 Objectives

The primary objectives of this project are to develop a set of widely applicable publicly
accessible data measurement, monitoring, and analysis protocols for problem detection in built-
up air handling systems (building specific designed and field assembled components), and to
develop low-cost measurement techniques to facilitate the use of the protocols.

0.6.3 Outcomes
The outcomes of this phase of work include the following:

PrROTOCOL IMPROVEMENTS. We extended and improved the diagnostic protocols developed
during previous phases of this project. Both VAV and CAV systems are now covered in the
protocols. Specific Excel based software tools were developed to support each problem
detection procedure. We developed a preliminary uncertainty analysis of the measurements
and metrics used for diagnosing problems and incorporated its representation into the data
visualization tools.

BENCHMARKING DATABASE. The benchmarking database has been improved. The tool
includes the ability to enter new data as well as to select metrics with which comparisons can
be made and to filter the data sets used for comparison. Propagation of uncertainty of the
basic measurements has been included in the presentation of comparisons.

WEB-SITE. We developed a web-site that provides interested parties access to the information
developed during this project (i.e., all project reports), made the software tools
downloadable, and have provided a demonstration of a web-based implementation of the
benchmarking database.

FIELD DATA COLLECTION FORMS. The data collection forms developed during previous
phases were improved. These forms provide valuable assistance to the practitioner by
ensuring that only the required data is collected.

TRACER GAS AIRFLOW MEASUREMENT. We conducted an analysis of all development work
to date and concluded that an ideal tracer gas (TG) airflow measurement apparatus would
have the following characteristics: 1) minimum number of sample points, 2) overall
uncertainty as close up to 5% as possible, 3) use of a benign and inexpensive tracer gas, 4)
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capable of real-time monitoring (i.e., no syringe sampling, and short time sampling for each
flow rate), 5) simplified, automatic calibration, 6) automated operation and data acquisition,
and 7) low cost, rugged, reliable, portable field deployable integrated “package.”

We completed a set of measurement and analysis protocols to the point that they are now ready

for extensive field-testing and validation. The methodologies developed are embodied in a

collection of materials that make up a suite of tools. This suite includes the following items:

e A ranked list of potential fan system problems.

e Data collection and measurement specifications aimed at the specific problems to be
detected.

e Field data collection forms to facilitate and focus field work.

e Data analysis software tools customized for the problems of interest.

e A fan performance database used for feedback to designers and to assist in identification of
fan problems.

In addition, the analysis indicates that it may be possible to reduce sampling to a small number of
points around the centerline of the duct. We developed a functional specification for a field
deployable TG airflow measurement system based on this conjecture. Once a suitable sampling
apparatus is developed to accomplish this, a system could be engineered to produce a portable
analysis prototype consisting of the following elements: injection apparatus, downstream plane
sampling apparatus, sulfur hexaflouride (SF¢) tracer has bottle, and a portable analyzer device
that includes a gas chromatographs (GC) customized for SF¢, a mass flow controller (MFC),
small SF¢ calibration bottles, and a real-time micro-controller that serves as a system controller
and data acquisition computer. This system would be designed to operate as outlined in the body
of this report.

0.6.4 Conclusions

We have concluded that built-up fan systems can be successfully diagnosed for energy related
problems when a consistent set of measurement and diagnostic procedures are used. Pre-selected
energy and comfort related performance problems can be analyzed using a combination of short
term monitoring, a benchmarking database of performance metrics, and customized diagnostic
data displays. While the overall efficacy still needs to be proven by more extensive field testing,
the techniques developed are a major step forward in providing energy practitioners with the
means to assess performance problems in a relatively simple, consistent, and straightforward
manner.

From our analysis of previous studies and consideration of practicality issues including global
warming impacts, it has been concluded that a field-deployable system could feasibly be
constructed from the basic elements outlined in the functional specification that appears in the
body of this report. For this system gas chromatographs operating at sampling concentrations in
the range of 0-20 ppb and customized for SF¢ tracer gas are most appropriate for a field-deployed
system. This will require that the mass flow controller SF¢ injection rate to adjusted based on the
airflow rates to be measured. This conclusion is contingent on proving the feasibility of
conducting real-time sampling with a small number of samples.
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0.6.5 Recommendations

Although considerable progress has been made in development of the fan problem detection
technology described in this report, additional work is required to establish these methods as
widely applicable protocols and to facilitate commercial implementation. Among the issues that
could benefit from further research and development of the protocols are to:

populate benchmarking database via field testing;

centralize hosting of the database;

migrate the fan performance database from Excel to relational database software;
develop drill-down procedures for more fine grained diagnostics;

analyze energy savings opportunities; and to

refine tools.

A number of improvements could be made in low-cost measurements that would increase the
efficiency of conducting the short term monitoring upon which the diagnostics are based. More
research is needed in the following areas:

fan static pressure measurement techniques;

constant injection tracer gas (CITG) airflow measurement technique;
alternative ways to use fan power data; and

equipment for low-cost power measurements.
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1 Field characterization of thermal distribution systems in large
and light commercial buildings

1.1 Introduction

Non-residential buildings with floor areas less than 930 m” (10,000 ft*), termed light-commercial
buildings in this report, make up approximately three quarters of non-residential buildings in the
U.S. and California, corresponding to approximately 20% of the floor area. During the 1996 and
1998 cooling seasons, researchers at Lawrence Berkeley National Laboratory (LBNL) studied
the performance of over 30 duct systems in light commercial buildings (Delp et al. 1998a, 1998b,
1999). Another significant work in the area of small commercial systems is from the Florida
Solar Energy Center (FSEC, Cummings et al. 1998), whose primary concern was with
uncontrolled airflow across commercial building envelopes. FSEC conducted envelope leakage
studies in 70 light-commercial buildings, and performed air leakage measurements in about 40 of
these duct systems. The Energy Information Administration (EIA, 1991) of the Department of
Energy reported that 61% of commercial buildings with cooling in the Western census region
have packaged cooling units; 76% have ducts, 21% have heat pumps, 7% have central chillers
and 5% have fan-coil units as part of their cooling systems.

The previous review and characterization of the small duct systems attached to packaged-rooftop
units in commercial buildings found that they are similar to ducts in residential systems. First-
cost consideration dominates the design and construction practices. Previous characterizations of
air leakage from ducts in light-commercial buildings conducted in California and Florida found
that leakage airflow from duct systems in light commercial buildings equals approximately one
quarter of system-fan airflow. These field studies also suggest that the duct air leakage area per
unit floor area served by these systems is typically much higher than that of residential buildings.
The large variations in air leakage class were found to be poorly correlated with the number of
registers, the length of the duct system, and the duct surface area (Delp et al. 1999). The studies
performed by LBNL also showed that approximately 50% of these duct systems were located
outside the conditioned envelope of the buildings. This would make their energy savings
potential even larger than that observed in residences.

In contrast, non-residential buildings with floor areas over 930 m’ (10,000 ftz), make up
approximately one quarter of non-residential buildings in the U.S. and California, corresponding
to approximately 80% of the floor area. Compared to the research on duct systems of residential
and light commercial buildings, there exists very limited study on duct systems in large
commercial buildings.

In this project, we term the commercial buildings with floor area more than 930 m* (10,000 ft*)
as large commercial buildings. LBNL’s previous characterizations of several large commercial
buildings suggest that their duct systems also have leakage areas comparable to those measured
in residences on a per-unit-floor-area basis (Fisk et al. 1998). The leakage classes calculated for
these large commercial buildings were significantly higher than the range reported by ASHRAE
(1997) for quality duct construction. However, the ASHRAE values neglect leakage at
connections to duct-mounted equipment. LBNL’s characterization efforts also uncovered
significant thermal losses due to both heat conduction through duct walls and air leakage under
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normal operating conditions. Underestimation of thermal losses caused by air leakage and heat
conduction leads to inappropriate sizing, inappropriate design, and inefficient operation of
HVAC equipment.

In some HVAC systems, duct air leakage was found to induce excessive fan-power requirements
and/or significant thermal energy losses during the transportation of conditioned air through
ductwork. Limited field studies conducted at LBNL (Fisk et al. 1998) report SMACNA leakage
classes that range from 60 to 270 in large commercial buildings. These values are generally well
above the ASHRAE value of 48 assigned to “unsealed” duct systems. Based on simulations of a
variable-air-volume (VAV) system with a leakage class of 137, Franconi et al. (1999) reported an
increase of 14% in HVAC energy cost and an annual fan energy use increase of 55% due to air
leakage through ducts. Thus, sealing duct leaks in large commercial buildings appears to be an
effective measure to raise the energy efficiency performance in this sector. Other benefits to
airtight duct systems in such buildings include better control of airflow at the registers (flow
balancing) and potentially better indoor air quality and thermal comfort. There is, however, a
lack of information about the performance of thermal distribution systems, especially in large
commercial buildings. To further understand the existing thermal distribution systems in real
buildings, it is necessary to characterize the air leakage through ducts and the thermal
performance of system operation in more buildings.

An important part of this project was to continue the 1996-1998 LBNL characterization study by
obtaining field data on the thermal performance of duct systems in California commercial
buildings, including characterizations of the spaces in which those ducts are located. This
thermal performance evaluation consisted of both air leakage and heat conduction measurements.
The thermal performances of five light commercial building systems and five large commercial
building systems were characterized. The study measured air leakage through ducts of 10
systems in eight buildings, including five small systems in four light commercial buildings, and
five large systems in four large commercial buildings. The current study examined as many large
commercial large systems as possible, and these systems were chosen to be typical of those
found in large commercial buildings, including two variable-air-volume (VAV), two constant-air-
volume (CAV) single duct, and one dual-duct system. All light commercial buildings studied
were packaged-rooftop systems.

Since the buildings in this study were generally occupied, the tests had to be as non-obtrusive as
possible. This required working outside of the normal (daytime) schedules of the occupants.
Studies on each of the systems included contacts with building managers and engineers; system
characterization by walking-through and literature review; measurements of air leakage,
pressure, airflow, and heat gain or loss; and data analyses.

1.2 Objectives

The objectives of the field characterization of the performance of thermal distribution systems
were

e to add to the limited existing empirical data on the rates of air leakage in small commercial
and large-commercial duct systems;
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e to compare two approaches of assessing air leakage, one based on duct system leakage areas
and pressure measurements, and the other based on the difference between measurements of
upstream and downstream airflow rates;

e to assess the magnitude of conduction heat gains and/or heat losses in some commercial duct
systems; and

e to assess the system energy performance by thermal and energy consumption and energy
demand monitoring.

1.3 Approaches

1.3.1 Physical characterization of duct system

To characterize each system, we gathered the dimensional and/or graphical characteristics of duct
systems, including duct diameters, lengths, and surface areas, system types, and cooling tonnage.
The information was compiled from the review of building and system plans, interviews with
building engineers, and physical inspections of installed duct systems. For some of the large
building systems, excessive effort would have been required to characterize the entire duct
system. In these cases, representative sections of ductwork were characterized, such as a main
trunk of a VAV supply duct, branches of downstream VAV boxes, or branches of dual-duct
mixing boxes. We selected and characterized large ducts representing common HVAC system
types, such as constant-air-volume, variable-air-volume, single-duct, and dual-duct systems.

1.3.2 Leakage area measurements

To characterize the airtightness of building thermal distribution systems, the effective leakage
areas (ELAs) of isolated sections of ductwork were measured using fan-pressurization
procedures. The ELA is defined as the area of a perfect nozzle that, at some reference pressure
difference, would produce the same flow as that passing through all the leaks in the system. The
equation linking the volumetric leakage flow rate through an isolated section of ductwork to the
pressure difference is

P AP

ref
where Q is the volumetric flow rate (m® s™), ELA is the effective leakage area (m?), AP is the
pressure difference across the leaks in the system (Pa), AP, is a reference pressure difference

0= ELax | 2P (ﬂ) 0

(Pa), n is the pressure exponent (-), and p is the air density (kg m>).

By artificially creating a series of pressure differences across the leaks, the ELA can be
determined by fitting the flow and pressure data to Eq. The method is well documented in
the literature (SMACNA, 1985; ASTM, 1987; Delp et al. 1997). The basic procedure is to use a
variable-speed fan with an integral airflow meter (e.g., Minneapolis Duct Blaster by Energy
Conservatory, Minneapolis, Minnesota; or Turbo Blaster developed in this study) to inject air
into the isolated section of duct (Appendix . This is done for various flow rates while
monitoring the pressure difference between the interior and exterior of the duct. Injected flow
rates and simultaneous pressure differences are recorded for pressure differences ranging from
10 to 200 Pa.

27



The pressure eﬁgponent n typically has a value near 0.6. Gi\ﬁn the uncertainties in measured air
injection rates-and average measured pressure across leaks’, the uncertainty in the measured
ELA is estimated to be about + 10%.

In the field, the isolation of sections of ductwork is time-consuming. We employed large
adhesive-coated plastic films to seal the registers, and, when necessary, cut access hatches in
duct walls to install polystyrene or cardboard blocks in duct cavities. This isolation process
requires about 10 person-hours for small systems and usually requires much more person-hours
in large commercial buildings. When setup is ready, the actual test lasts about 10 minutes.
Therefore, where appropriate, the ELA measurement protocol detailed in Levinson et al. (1997)
was adopted to limit the set-up time. This method enables us to determine simultaneously the
leakage area of the entire system and the split between the supply and return components. It
involves creating a series of different pressure conditions across the heat exchanger by removing
some of the blocks on the supply side. This allows the heat exchanger to be “calibrated” as a
flow meter, and the supply and return leakage areas can be determined. The key advantage to this
technique is that it does not require physically separating the supply side from the return side.
However, the major drawback is that the mathematical set of equations is poorly determined
when the pressure drop across the heat exchanger is low.

The technique described above can rarely be applied in large commercial buildings. Large
commercial systems are much more complex than those typically found in light commercial
buildings, rendering prohibitive the time required to seal all of the registers. Furthermore, it is
necessary to test separately ductwork sections that operate at significantly different pressures,
such as those upstream and downstream of a terminal unit. Therefore, in these cases, sections
were isolated from the remainder of the duct system and from the indoor/outdoor air to measure
the ELA. Depending on the section of interest and its accessibility, the isolation process usually
requires many more person-hours for large systems buildings than for small systems.

The reference pressure AP is usually set to 25 Pa for characterization of U.S. duct systems. This

pressure has been found to be typical of the pressure across residential and small-commercial
duct leaks during normal fan operation. Choice of this value is questionable for large commercial
buildings, where duct operating pressures are usually considerably higher. Nevertheless, since it
remains a common metric to measure and compare air leakage through ducts in the U.S., the 25-
Pa characterization is used in this paper. To allow comparisons between different building
systems, duct system ELAs were normalized either by the floor area served by the duct system or
by the surface area of the ductwork.

The leakage class, C,, is another common metric used to characterize the leakage area of U.S.
duct systems (ASHRAE 1997). The leakage class is defined as the 710 times the leakage flow
rate in liters per seconds per square meter of duct surface area at 250 Pa static pressure. Once the
ELA is determined, Eq. [(1))may be used to determine the leakage class of a system if the duct

' The manufacturer’s rated accuracy of the flow sensor integral to the fan is 3% (for turbo blaster +1%); however,
we have assumed a 5% uncertainty to account for fluctuations in the pressure difference at the flow sensor.

* Static pressures in the duct system during the ELA measurement may vary slightly with location. We estimate that
the true average pressure drop across leaks in the duct may vary by +2 Pa from the average measured static pressure
in the duct during the ELA measurements.
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surface area is known. By definition, the leakage class is the leakage flow rate normalized by
duct surface area at a hypothetical operating pressure. It is inherently dimensional (cfm per 100
ft*); the factor of 710 converts L s m™ to cfm per 100 ft*. To avoid confusion between unit
systems, it is reported herein as a number with the unit of cfm per 100 ft’.

The following equation is generally used to characterize the leakage class (ASHRAE 1997,
chapter 32):

¢, =702 2)

where Q is the leakage flow rate (L s™), 4 is the duct surface area (m?), and AP is the pressure
difference during the leakage measurement (Pa).

It is noteworthy that the pressure exponent is arbitrarily set to 0.65. According to ASHRAE
(1997), this value is based on a variety of component air leakage tests. However, a number of
tests conducted in U.S. residences and light commercial buildings suggest that the exponent for
the entire system is close to 0.6. Since the procedures used in this study enable us to measure the
pressure exponent, the measured pressure exponent is instead used to characterize the leakage
class.

Using their leakage classes can compare systems of different sizes. ASHRAE (1997, Chapter 32)
lists attainable leakage classes ranging from 3 to 12 for “quality construction and sealing
practices,” but notes that these attainable leakage classes do not account for leakage at
connections to grills or diffusers, access doors, and other duct-mounted equipment. For unsealed
ducts, ASHRAE (1997, chapter 32) predicts leakage classes of 30 to 48.

Both the normalized duct system ELA,s and the leakage class quantify the duct air leakage per
square meter of duct surface area. However, because they are not referenced to the same pressure
(25 Pa vs. 250 Pa), two systems with a similar ELA at 25 Pa per square meter of duct surface
area may have significantly different leakage classes
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Figure 1. Apparatus used to measure a duct system’s effective leakage area.
1.3.3 Duct system pressure measurements

Operating pressures in ductwork can be significantly different from one system to another or
even within one single system. Operating pressures upstream and downstream of a terminal unit
(e.g. a VAV box) may vary by a factor of 10 or more. Therefore, to characterize the air leakage
flows of field systems with the ELA defined in Eq. it is necessary to measure duct system
pressures during normal operation. In constant-air-volume HVAC systems, static pressures
across the ductwork do not vary considerably over time during normal system operation. They
were measured at multiple locations in the ductwork (e.g., plenums, branch locations, and
terminal units) using handheld electronic pressure transducers with a 0.1 Pa resolution (Energy
Conservatory: Minneapolis Pressure & Fan Flow Gauge, Model DG3, Minneapolis, Minnesota)
using conditioned space as the reference. In VAV HVAC systems, the static pressures may likely
change over time. The pressures were monitored with a data logger (Energy Conservatory:
Automated Performance Testing System, Minneapolis, Minnesota) for an extended operating
period (several days). These measurements covered a range of operating pressures induced by
varied fan speeds and VAV damper positions.

Pressure pan measurements were made to estimate operating pressures in the ductwork. The
method consists of blocking the registers one by one with other registers open as normal and
recording the pressure difference across the block. Its key advantage over the direct register
pressure measurement using a single tube-probe connected to pressure transducers is that it is
much more repeatable (Walker et al. 1998).

1.3.4 Airflow measurements at the registers

To measure airflow through supply registers more accurately than possible with commercially
available passive flow hoods, we used an LBNL-designed, fan-powered flow hood (Figure 2).
During the measurement, air leaving the register passes through a collection hood, then into a
duct connected to a variable-speed fan equipped with an integral flow meter (Energy
Conservatory: Minneapolis Duct Blaster, Minneapolis, Minnesota). The fan speed was adjusted
manually to maintain a steady static-pressure difference between the interior of the collection
hood and the room air. The flow rate was determined with the fan’s integral flow meter. Multi-

30



point measurements were taken near zero pressure difference (0£0.5 up to 0+1.0 Pa) between the
collection hood interior and the room, enabling us to interpolate the flow at zero pressure
difference. We can assume that the flow rate through the register is only marginally affected by
the presence of the flow hood, the boundary conditions seen by the register being the same with
and without the device. Note, however, that the minimum pressure drop across the register
should be at least 5 Pa to limit to 5% the measurement uncertainty due to small deviations of the

pressure boundary condition. (|3:)|

There remain some unanswered questions pertaining to this technique, including (a) where to
locate the pressure sensor to ensure that the boundary conditions seen by the register remain
identical, and (b) the sensitivity of the measurement to the zero pressure reading. Fisk et al.
(1999) indicate that in one large commercial building, an individual register flow rate changed by
less than 1% as the static pressures in the hood deviated from zero by + 0.5 Pa. However,
sensitivity analyses on one large system (System L2) in the present study suggested that the sum
of the register flows changed by about 6% as static pressures in the hood deviated from zero up
to £ 0.5 Pa. It is unclear whether these potential variations in the hood pressure induce bias or
precision errors on a single measurement. It is also unclear whether these uncertainties may
cancel each other when summing the register flows for a given system. If they do, the uncertainty
in the sum of register flow rates is primarily due to the bias in measurement of flow rate through
the calibrated fan, estimated to be up to + 5%.

For VAV HVAC systems, it would have been possible in theory to force the fan and dampers to a
set point to establish constant fan and supply airflow rates for the duration of flow
measurements. In practice, this would take too long. This procedure would also provide only a
narrow picture of the system airflow, considering the variety of damper positions and fan speeds
that could be expected. Therefore, we did not use this measurement approach for these systems.

? This error analysis assumes that the flow through the register is proportional to the square root of the pressure
difference at the boot, and that the pressure boundary condition deviates from its value of 0.5 Pa due to the presence
of the hood.
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Figure 2. Fan-powered flow hood apparatus used to measure airflow rates through
registers.

1.3.5 Tracer gas measurement of fan flow

In constant air volume systems, we used the tracer gas method to measure the fan flow. The
approach was to inject sulfur hexafluoride tracer gas into the duct system through one return
register at a constant and measured rate. During injection, we monitored the change in tracer gas
concentration at one supply register with an infrared analyzer (Bruel & Kjaer: Type 1302,
Denmark) calibrated at the measurement site. When the injection is turned on, the gas
concentration at the supply registers will experience a sudden rise. The concentration step-up
enables us to calculate the fan airflow rate from the following equation:

1

OQn = |A_C’ (3)

where O, = 1is the fan flow rate ([m’ air] s™), I is the tracer gas injection rate ([m’ gas] s™), and

AC is the increase in tracer gas concentrations induced by injection ([m’ gas] [m’ air]™).

The major obstacle to tracer gas measurements of fan flow was potentially poor mixing of tracer
in the air stream between tracer injection point and the downstream location where tracer gas
concentration was measured. Mixing was checked by collecting and analyzing samples from
multiple downstream locations inside the duct.

Uncertainties in these airflow rate measurements are due to uncertainties in the magnitude of
tracer gas concentration; uncertainties in the tracer gas injection-rate; sampling imperfect mixing
of the tracer gas in the air; and uncertainties in the step increase in tracer gas concentration due to
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the time quantization of sampling. With proper calibration and operation of instruments, both
uncertainties in the tracer gas concentration and in the tracer gas injection-rate can be as low as
approximately 2% individually, and uncertainties due to an imperfect characterization of the
well-mixed tracer concentration downstream of the injection point can be 5%. Adding these
together, the maximum bias uncertainty is 9%. Adding precision errors of 5% (in quadrature) due
to time quantization of sampling, the resulting overall uncertainty in the measured fan airflow
rate is estimated to be about 11% with the current measurement protocol.

1.3.6 Duct air leakage flow rates

Measuring air leakage flow rates remains a challenging task despite the considerable efforts
undertaken in this area (Walker et al. 1998; Fisk et al. 1998). In this study we use two methods
for measuring these air leakage flow rates through duct systems: 1) air leakage flow rates
estimated from ELAs and operating pressures, and 2) air leakage flow rates estimated from
upstream duct flow and register flows.

1.3.7 Air leakage estimated from ELA and pressure

The first method of estimating rates of air leakage is to calculate O from Eq. using as inputs
(a) the measured pressure exponent n and (b) the temporal and/or spatial average static pressure
in the duct system during normal HVAC system operation. For a re-circulation system, this
method requires accurate determination of the split between the supply and return leakage areas.
More generally, it requires that the leakage areas of sections of the ductwork that operate at very
different pressures be determined separately.

One of the major drawbacks of this technique is that the pressures are monitored only at a few
locations. This implies that the variations of the static pressures with the leak sites and/or with
time are mostly unknown. The method also assumes that the discharge coefficient of the flow
going through the leaks during the ELA test remains the same as that during normal operating
conditions. Walker et al. (1998) have used essentially the same method to measure air leakage
from residential ducts, and they estimated that the maximum uncertainty was 40% of the
measured air leakage flow rate. Therefore, this approach can only provide an estimate of the air-
leakage rates.

1.3.8 Air leakage estimated from upstream duct flow and register flows

The second method of estimating the rate of air leakage from a section of ductwork is to (a)
measure the airflow rate though a cross section in the ductwork using the tracer gas method; (b)
measure airflow rates through all downstream supply registers; and (c) subtract the sum of the
register flow rates from the upstream flow rate at the duct cross section. The main limitation to
this approach is that the expected difference between the upstream flow rate and sum of register
flow rates was comparable in magnitude to the measurement uncertainty. We might expect a
15% uncertainty in both the total register flow rate, and an =11% uncertainty the upstream duct
flow using tracer gas measurement. For example, the measurement error bound in the air-leakage
rate would be approximately £15% for duct section with a 20% fraction of air leakage. In this
case the measured air leakage ratios would be between 5 and 35%.
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1.3.9 Conduction heat gains

Previous work at LBNL has documented various problems in light-commercial thermal
distribution systems (Delp et al. 1998a, 1998b; Levinson et al. 1997). Thermal losses are due not
only to air leakage but also to heat conduction. Conduction loss assessment focused on the
measurement of temperatures in the system and on the calculation of cumulative effectiveness.

Thermal measurements were made with stand-alone temperature loggers in the plenum
(downstream of the cooling/heating coil), in selected supply registers, in the room, in the ceiling
cavity, and in the outside air. The battery-powered temperature loggers with external temperature
sensors were HOBO-Pro’s (On-Set Computer Corporation, Pocasset, MA) with 0.03 °C
resolution and an accuracy of 0.2 °C in high-resolution mode. The temperatures measured by
multiple collocated HOBO-Pro’s shows a maximum differential of 0.25 °C and a standard
deviation of less than 0.1 °C. The self-powered portable data-logger (HOBO-Pro) is more
accurate than the Stowaway HOBOs used in a previous LBNL study (Fisk et al. 1998; 0.2 °C
resolution, 0.3 °C accuracy, and a maximum spread of 0.44 °C)

Delp et al. (1998a, 1998b) evaluate the effectiveness of heat transport through ducts in terms of
the duct’s “cumulative effectiveness,” defined as the ratio of the energy delivered at the register
to the potential available at the plenum (upstream of conduction losses). Equation (4)|shows the
definition of the effectiveness (Delp et al. 1998a, 1998b).

Since often latent heat due to moisture contents could be negligible, it equals the ratio of the
sensible heat capacity for heating or cooling delivered at the register to the capacity available at
the plenum. Based on the assumption that the airflow through the ductwork is constant over time
and space, and impact of leakage flow on temperature change is negligible, it can be simplified
by calculating the temperature differential between the register temperature, plenum temperature
and the reference temperature which is essentially the conditioned-space temperature. The
second part of the equation shows the actual calculation.

delivered capacity at register i up to time ¢’

Es,i(t ,) =

B potential capacity at the plenum up to time ¢’
_r' [Y;eg z(t) - TLoom (t)] dt (4)
— 0 >
= —
-[0 [Elenum (t) - ]1room (t)] dt

Here ¢’ is the elapsed period of time of interest, normally a combination of cycles; Treg,,-(t) is the
temperatures of supply register i at time ¢ ( °C); T, (¢) is the room temperature at time ¢ ( °C);
T jenum (¢) 1s the supply plenum temperature at time # ( °C); and ?:S,l.(t’) is the cumulative
effectiveness of register 7 up to time ¢’.

For variable-air-volume systems, the airflow rates usually change over the course of a day.
Although the assessment on energy delivery effectiveness has to be linked to the airflow rates
over a period of time (e.g., a day), it makes sense to look at the “temperature effectiveness” for a
shorter period of time during which the airflow can be considered constant. The cumulative
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temperature effectiveness for a certain supply is the ratio of the temperature difference between
the register and space to the temperature difference between the supply plenum and space for a
certain period of time. Eq. (5) defines the cumulative temperature effectiveness for heating or
cooling delivery, an indicator for temperature gain/loss by heat conduction through supply-duct
systems:

t (¢) integrated temperature difference at register i up to time ¢’

integrated temperature difference at the plenum up to time ¢’
_ _[0 [ﬂeg,i (t) - T'room (t)]dt (5)

-
[ e () = T (0]
Under stable airflow conditions, temperature effectiveness is equivalent to the ratio of the
sensible heat capacity (energy) for heating or cooling delivered at the register to the capacity
available at the plenum over a cumulative period of time, which is the “cumulative effectiveness”
used in previous LBNL studies. However, the temperature effectiveness does not directly
indicate energy delivery efficiency for variable airflow systems, or for terminal units associated
with an induction unit.

1.3.10 Equipment performance monitoring

Characterization of the performance of thermal distribution systems includes characterizing the
cycling characteristics of the cooling/heating equipment, monitoring short-term energy
consumption, and monitoring maximum electricity demand. This is done by reviewing system
information obtained from the building management and engineers. Information on nominal
capacity and measurement energy consumption and equipment efficiency is then used to evaluate
the economy of system design and operation. The energy monitoring includes using a diagnostics
tool (ACRX) to collect short-term data of electric energy consumption and equipment efficiency
for rooftop packaged units in the field during hot summer days. Since the large system would
add more complexity and expense to the monitoring, we perform the measurement on two small
systems that we tested for air leakage through ducts.

1.4 Results

Field study results include the physical characteristics of buildings and building systems, air
leakage assessments using effective leakage areas (ELAs), air leakage classes, static pressures,
and leakage flow fractions, and evaluation of thermal losses due to heat conduction.

1.4.1 Physical characteristics of building systems

[Table 1]and Table 2 summarize the physical characteristics of buildings and duct systems or
sections in the large-commercial and small-commercial buildings, respectively. These include
five HVAC systems in four large commercial buildings, and five roof-packaged HVAC systems
in four light commercial buildings. More details of the buildings and systems tested are shown in

Appendix
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Table 1 shows that the floor areas of large commercial buildings range from 2,183 to 6,075 m?
(23,500 to 65,400 ft*), with total cooling capacities ranging from 130 to 760 kW (37 to 216 tons).
The systems tested have cooling capacities ranging from 130 to 486 kW (37 to 138 tons).

LARGE COMMERCIAL SYSTEMS. System L1, with 130 kW (37 tons) of cooling capacity, has
constant air flow in supply and return ducts, serving the spaces of a supermarket store with a
space area of 5,125 m” (55,164 ft*). System L2 is a heating supply duct with heating capacity of
12.8 kW. The heating duct is 60 m (198 ft) long, and serves one floor of perimeter offices in a
large building with a total area of 2,183 m” (23,500 ft). This building has four such heating
systems and is connected to another building of the same use and of similar floor plan. System
L3 (141 kW or 40 tons) is a variable-air-volume system, with induction units at some of the VAV
boxes serving the core office spaces of the same building as System L2. System L4 (484 kW or
138 tons) is also a VAV system, with induction units at different VAV boxes serving office spaces
of an office building with a floor area of 6,075 m? (65,400 ft*). The VAV systems (systems L3
and L4) have few return ducts in their ceiling plenums. System L5 (352 kW or 100 tons) is a
dual-duct system with mixing boxes downstream of the heating and cooling ducts to supply the
office spaces of 3,198 m* (34,420 ft%). Each building other than that containing system L1 is
connected with another office building of comparable size or identical floor plan.

In all large buildings, the main trunks of supply ducts (upstream of VAV boxes in large systems)
are located in a ceiling plenum. Most supply and return ductwork (if any) is also located in a
ceiling plenum. In one of the large buildings (system [.4), the ductwork downstream of its VAV
boxes is exposed to the occupied space.

The maximum equivalent diameters of duct cross-sections ranged from 30 to 125 cm (12 to 49
in.). The maximum airflow path length of the main trunks inspected ranged from 60 to 101 m
(198 to 330 ft).

The static pressures of main trunks range from 480 to 610 Pa (1.93 to 2.45 iwc) during normal
operation of the two VAV systems, and from 79 to 245 Pa (0.32 to 0.98 iwc) in the three CAV
systems (System L1, System L2, and System L5). The static pressures of ducts downstream of
terminal boxes (VAV or mixing boxes) ranged from 16 to 47 Pa (0.06 to 0.19 iwc) during normal
operation. Floor area per supply register ranged from 5.2 to 29.3 m? (56 to 315 ft*) for office
buildings, and was 176 m* (1,891 ft%) for the supermarket store, which housed many freezers
with significant internal cooling.

SMALL COMMERCIAL SYSTEMS. Table 2 presents similar information for small commercial
systems. The total floor areas of light commercial buildings ranged from 167 to 745 m* (1,800 to
8,024 ft%), with total cooling capacities of 11 to 65 kW (3 to 18.5 tons). The individual capacities
of packaged units in our study ranged from 11 to 18 kW (3 to 5 tons).

We found that in all five light commercial buildings tested, the supply ducts and return ducts
were located in a ceiling plenum. All supply ducts were insulated with an external fiberglass
layer at least 6.4 cm (2.5 in) thick.

In these small systems, equivalent diameters of duct cross-sections ranged from 25 to 51 cm (10
to 20 in) at the maximum duct sizes. Maximum airflow path length within a building floor
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ranged from 10.7 to 29.3 m (35 to 96 feet). Air velocities calculated from the flow in the largest
(furthest upstream) duct cross section ranged from 4.1 to 7.2 m/s (809 to 1,427 fpm).

The supply plenum static pressures ranged from 14 to 61 Pa (0.056 to 0.24 iwc). Floor areas per
supply register ranged from 15.2 to 33.4 m” (164 to 360 ft*). Fan flow per cooling capacity
ranged from 0.0335 to 0.0475 m’ kW' s (249 to 353 cfm ton™), and fan flow per unit of served
areas ranged from 2.03 t0 9.14 L s m™ (0.4 to 1.8 cfm ft?).
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Table 1. Physical characteristics of duct system sections for large commercial systems.

LARGE COMMERCIAL
BUILDING UNIT(S) [L L2 L3 L3a [L3b L4 Lda [L4b L5 Lsa Lsb Lsc Lsd
Year (from plans) - 1996 1979 1979 1979 1982 1982 1990 1990
Space Description - Grocery Store office office office office office office office
Building Floor Area ﬁzz 55164 23500 23500 23500 65400 65400 34420 34420
m 5125 2183 2183 2183 6075 6075 3198 3198
Connected to another Building? - Y Y Y| Y| Y Y Y Y| Y
Cooling/heating capacity Ton 37 heating il 138 100
kW 130 12.8 141 486 352
Floor Area of Section Measured 5 47265 4544 NA 11750 2640 NA 630 625 NA 668 950 408 168
m’ 4391 422 NA 1092 245 NA 59 58 NA 62 88 38 16
SUPPLY-AIR SYSTEM TYPE - Constant Constant VAV with Induction VAV with Induction Dual duct with economizer
5 47265 4544 23500 23500 65400 65400 34420 34420
HVAC System Floor Area m 4391 422 2183 2183 6075 6075 3198 3198
Max Flow in Duct Section cfm 21287 916 NA NA NA NA NA NA
L/s 10045 432 NA NA NA NA NA NA
Max Static Press of Section iwe 1.04 0.32| 2.4>p>1.92 1.92 0.12 2.44 0.19 0.48 0.20 0.07 NA 0.06
Pa 260 79| 600>p>480 480 30 610 47 120 50 18 NA 16
Duct in Ceiling Plenum (Y/N) - y y ¥y y some n y y
Duct Insulated? (Y/N/Part) - y y ¥y 3 ¥y n y 3
Supply Duct Surface Arca ft22 5543 728 NA 1869 331 NA 303 244 NA 350 171 226 92
m 515 68 NA 174 31 NA 28 23 NA 33 16 21 9
ft? 1848 0 NA NA NA NA NA NA
Return Duct Surface Area - 7 0 NA NA NA NA NA NA
2
Total Duct Surface Area :;:2 723; 722 xj xj xj 3;2 1Zé 2;? 93
. R in 49 12 NA 20 10 42 17 16 NA 16 12 12 9
Equivalent Max Duct Dim om 126 30 NA 51 25 107 43 41 NA 41 30 30 23
Min Duct Dim -+ in 8 NA NA 6 12 6 17 16 NA 8
cm 20 NA NA 15 NA 15 43 41 NA 20
ft? 330 198 NA 162 28 NA 72 57 NA 65 12 52 26
Supply Max Flow Path Length m 102 60 NA 49 9 NA 2 17 NA 20 4 16 8
T
Air Velocity at Max. Duct Dimension ftr;r/r:n 159; 1162 xj E: xj gi xj E:
# of Terminal Units - 0 0 NA 12 1 NA 1 NA 1
# of Supply Registers - 25 21 292 71 11 292 2 NA 9 4 6 3
# of Return Registers - 10 0 NA NA NA NA NA NA
# Registers — Rectangular - 35 1 142 71 | 11 NA 0 NA 1 0 0 1
# Registers — Linear - 0 20 0 0 NA 0 NA 16 8 12 4
# Registers — Circular - 0 0 0 0 NA 2 NA 0
System Floor Area per Supply register th/rcg. 1891 216 165 165 240 224 224 224 NA 74 238 68 56
m’/reg. 176 20 15 15 22 21 21 21 NA 7 22 6 5
# Fire/Smoke Dampers - 0 0 6 1 0 NA 0 NA 0

** Downstream of fan (L1, L2, L4) or terminal box (L3a, L3b,L4a, L4b, L5a, L5b, L5c, L5d)
++Upstream of a terminal unit (or feeding the section measured)
Items in italics represent the whole system for branches or sections tested. L2 and L3 are different HVAC units in the same building,
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Table 2. Physical characteristics of duct system sections for small commercial systems.

Small Commercial

BUILDING Information UNIT(S)|S1 S2 S3 S4 S5
Year Built - 1988 1988 1996 1996 1996
Building Type - office office office office office
2
T Fofa e e e
Connected to another Building? - y y y y y
. . tons 3 4 18.5 18.5 14
Cooling C t
ooHng L-apactty KW 11 14 65 65 49
SUPPLY-AIR SYSTEM - rooftop  |rooftop  |rO0ftop W/ jrooftop w/ rooftop w/
economizer |economizer |economizer
Cooling Capacity of HVAC unit tested tons 3 4 3 5 4
kW 11 14 18 18 14
ft’ 1800 2160 1000 1800 1056
HVAC System Floor Area i 167 201 93 167 08
Fan Flow cfim 746 1122 1764 1507 1353
L/s 352 529 832 711 638
. iwe 0.11 0.06 0.24 0.12 0.09
Max Static Press Pa 29 14 61 30 3
Duct in Ceiling Plenum (Y/N) - y y y y y
Duct Insulated? (Y/N/Part) - y y y y y
ft* 225 291 540 360 274
Supply Duct Surface Area i 1 7 50 3 25
ft* 159 182 320 120 209
Return Duct Surface Area o 15 17 30 1 19
ft? 384 473 860 480 483
Total Duct Surface Area ol 36 44 20 45 45
. ftz/reg. 360 164 200 360 211
Floor Area / Number of Supply Registers mireg. |33 G 19 33 20
. in 10 12 20 16 16
Max Duct Dim cm 25 30 51 41 41
. . in 6 6 10 14 10
Min Duct Dim cm 15 5 25 36 25
ft 35 33 96 62 42
Longest Supply Duct Run m 1 10 29 19 3
. . . ft/min  |1368 1429 809 1079 969
Air Velocity at max duct size /s 7 7 4 5 5
Fan Flow/capacit cfim/ton |249 281 353 301 338
pacity Lis’kW |33 38 47 40 45
. cfm/ft* 0.4 0.6 1.8 0.8 1.3
Fan Flow/Floor Area of Section Measured Lsm® b 3 9 4 7
2
Fan Flow/Supply Duct Surface Area iﬁr:;/nfltz ? 7 :i 7 ? 7 ;1 ; 5
# Supply Registers (All rectangular) - 5 11 5 5 5
# Return Registers (All rectangular) - 5 6 5 2 4
# Fire/Smoke Dampers - 0 0 0 0 0
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1.4.2 Effective leakage areas, air leakage classes, and static
pressures

ELAs and static pressures were measured in five large commercial building systems:

supply and return ducts in a supermarket store;

e the supply duct in one perimeter system in one large office building;
four supply sections downstream of mixing boxes in a large office building with dual-
duct systems;

e the main trunk of a VAV supply duct and one VAV box branch in one large office
building; and

e two branches of supply ducts of a VAV system in a large office building.

The sections or branches were selected for the VAV systems or dual-duct systems on the
basis of physical accessibility.

ELAs and static pressures were all measured in supply and return ducts for all five small
commercial systems. Leakage measurement results are summarized in (large
systems) and [Table 4|(small systems). Comparisons of duct pressure scales with other
studies are presented in [Table 5}

1.4.2.1 Large commercial systems

shows the measured effective leakage areas, air leakage classes, and static
pressures in large commercial building systems.

System L1 is in a supermarket grocery store in which the supply and return sections were
tested. System L2 is a single-duct perimeter system in an office building. System L3
contains section L3a, the main duct upstream of the VAV boxes and induction unit in the
office building, and section L3b, one of the branches downstream of a VAV box with
induction unit. Section L4a and L4b in System L4 are two of the branches downstream of
their VAV boxes with induction units in an office building. Sections a-d of System L5 are
four branches downstream of their mixing boxes in an dual-duct system of another office
building.

The supply duct ELAs at 25 Pa vary widely from system to system, ranging from 0.1 to
7.7 cm” per m” of floor area served, and from 0.7 to 12.9 cm® per m” of duct surface area.
Within the same system, the supply duct ELAs per duct surface area vary by a factor of
up to eight; e.g., the leakage area of the section of system L3 upstream of VAV boxes is
about eight times smaller than that of the downstream section. Specific ELAs (by duct
surface area or floor area) of the four sections downstream of mixing boxes in system L5
were much larger than those of the other systems tested: their ELAs ranged from 2.0 to
7.7 cm® per m” of floor area served, and from 7.8 to 12.9 cm® per m” of duct surface area.
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Table 3. Measured air duct system effective leakage areas, air leakage classes, and static
pressures in large commercial buildings

System L1 System L2 System | System [ System | System | System | System | System | System

L3a L3b L4a L4b L5a L5b L5c L5d

Duct system CAV CAV VAV VAV VAV VAV Dual Dual Dual Dual
description Supply | Return | Overall | Supply | Main | Branch | Branch | Branch | Duct Duct Duct Duct

duct Trunk
Year built 1996 1979 1979 1979 1980 1980 1990 1990 1990 1990
ELA per unit served
floor area (cm2/m2 at] 0.3 0.3 0.3 0.1 0.1 0.7 0.3 0.3 5.1 2.0 7.7 5.0
25 Pa)
ELA per unit duct

surface area 25 8.8 1.9 0.7 0.7 5.4 0.9 1.3 9.9 12.9 11.5 9.7

(cm2/m2 at 25 Pa)

Pressure exponent (-
0.59 0.52 0.59 0.60 0.61 0.70 0.69 0.63 0.55 0.57 0.60 0.60

Air Ieakage class
Cfm/100 ft° @1 iwct 121 370 96 36 34 341 58 70 441 606 394 490

Plenum or terminal
box pressure (Pa) * 245 -260 79 79 480 29.5 47 47 50 18 - 16

T Air leakage class is based on the measured duct ELA at 25 Pa and the calculated leakage flow
at 250 Pa static pressure, using the measured pressure exponent.
Average value of pressure pan measurements on all registers.

Air leakage classes of the supply and return ducts of System L1 of the supermarket store
were 121 and 370, respectively, indicating greater leakage in the return duct.

In System L2 with the long single duct, the leakage class was 96 when including the
heating units and return section, and 36 when including only the main supply duct
without equipment enclosures or return sections.

The air leakage class of the main trunk upstream of VAV boxes (System L3a) was 34,
while one of the branches downstream of VAV boxes was measured at 341. This indicates
that the main duct upstream of VAV boxes is about ten times tighter than the downstream
VAV branches. This trend contrary to what we found from a previous study of another
VAV system (Fisk et al. 1998), where sections upstream and downstream of the VAV
boxes in one building had leakage classes of 110 and 48, respectively. In the two sections
(L4a and L4b) downstream of VAV boxes and induction units in System L4, the air
leakage classes were 58 and 70, respectively.

In System LS5 with dual duct mixing boxes, we observed air leakage classes ranging from
441 to 606 for four sections (L5a-L5d) downstream of their mixing boxes.

Overall, the air leakage classes for main supply ducts (upstream of VAV boxes, or mixing
boxes if any) for all systems tested ranged from 34 to 246, while those downstream
(usually branches) ranged from 58 to 606. Compared to other duct sections studied by
Fisk et al. 1998, our new data showed a much wider range of air leakage classes for
sections downstream of VAV boxes, or mixing boxes if any. From the data shown in
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Table 3, the leakage classes of all duct sections (including return ducts) ranged from 34 to
757. The median based on the sample presented in Table 3 is about 300.

In system L1, the operating pressure in the supply plenum was 245 Pa, and that in the
return plenum was negative 260 Pa. However, the pan pressures at supply registers
ranged from 12 to 59 Pa, with the average of 39 Pa and standard deviation of 11. In
System L2, the plenum pressure was measured at 79 Pa.

In system L3, the fan was usually operating at 60 to 80% of full speed. [Figure 3|shows
the pressures monitored over a 24-hour period for system L3. The static pressure
measured at the main trunk of the supply duct (floor supply) and another location
upstream of one of the VAV control units (supply branch) on the same floor were almost
the same throughout the time, averaging about 480 Pa. This indicated that there was very
little pressure drop along the main trunk upstream of the VAV supply duct. However, we
found that the pressure upstream of the VAV units fluctuated by about 100 Pa over the
course of a day. The pressures downstream of the VAV box were low, typically about 30
to 40 Pa for Branch A and 1 to 10 Pa for Branch B, depending on their distances from the
main supply and the operating position of dampers associated with them. The whole
building was pressurized during normal operation, with positive pressure ranging up to
28 Pa.
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Figure 3. Static pressure trends of System L3 ducts upstream and downstream of
VAV boxes.

Similar to System L3, System L4 is a VAV system with induction units. The monitored
pressures in the ductwork and the space are presented in The space pressure was
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slightly (about 1 to 5 Pa) lower than the outdoor air pressure during operation. During the
monitoring period, the main duct pressure just upstream of the VAV boxes for the same
floor averaged 610 Pa, while the duct pressure after the VAV boxes averaged 50 Pa over
time, with an induction unit inlet pressure of approximate minus 10 Pa. A spot check

indicated that the register pressure was about 20 Pa. The building was depressurized by
about 1 to 5 Pa during normal operation.
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Figure 4. Static pressure trends of System L4 ducts upstream and downstream of
VAV boxes.

Figure 5]shows the results of monitored pressures upstream and downstream of mixing
boxes in the dual-duct system we tested (System L5). The operating pressure in the hot
deck ranged from zero to 145 Pa, while the cold deck pressure ranged from 60 to 80 Pa.
The pressures in the mixing boxes A, B and C were close to each other and were
relatively stable. They ranged from 12 to 18 Pa. The pressures at the outlet of supply
registers downstream of the terminal mixing boxes ranged from 4 to 5 Pa.
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Figure 5. Static pressure trends of System L5 ducts upstream and downstream of mixing
boxes.

1.4.3 Small commercial systems

The ELA;s and leakage class results for the small systems we studied are displayed in
Some problems were found with the use of the method reported in Levinson et
al. (1997) for measuring simultaneously the supply and return components of air leakage.
In building systems S3, S4, and S5, the strict application of this method yields a supply-
side pressure exponent significantly lower than 0.5, which is inconsistent with the ideal
system physics. These results were probably due to the poorly determined set of
equations yielded when the pressure drop across the heat exchanger was too low to allow
its accurate calibration as a flow meter. Therefore, only the total leakage is reported in

The total ELAs in this study ranged from 0.8 to 5.3 cm” per m” of floor area served, with
an average value of 2.6 cm?/m? and a standard deviation of 1.8 cm?*/m”. They ranged from
3.7 to 7.5 cm” per m” of duct surface area, with an average value of 6.1 cm*/m” and a
standard deviation of 1.4 cm?/m”. The averaged specific ELA is lower than the average of
3.1 cm?/m? of floor area reported by Delp et al. (1999), while very close to the results
reported by FSEC (2.7 cm*/m?).

In the present study, the total leakage class (supply, return, and air handler) of the small

systems ranged from 232 to 414, averaging 333, a value lower than that of 447 reported
by Delp et al. (1999). Previous LBNL tests of light-commercial systems found that the
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total leakage class (supply, return, and cabinet) ranged from 130 to over 1,300, with a

mean of 447 and a standard deviation of 272. This pattern is consistent with the averaged
specific ELA;s found in this study.

Table 4. Measured air duct system effective leakage areas, air leakage classes, and static
pressures in light commercial buildings.

System | System | System | System | System | Mean |Std. Dev.
S1 S2 S3 S4 S5
Year 1988 1988 1996 1996 1996
ELA per unit served floor area
(cm2/m2 at 25 Pa) 0.80 1.67 5.30 1.81 3.44 2.6 1.8
ELA per unit duct surface area
(cm2/m2 at 25 Pa) 3.7 6.4 6.2 6.8 7.5 6.1 1.4
Supply plenum pressure (Pa) 28.7 14.0 61.2 30.1 22.6 31.3 17.9
Return plenum pressure (Pa) -19.6 -13.7 -39.9 -8.8 -13.6 -19.1 12.2
Pan pressure (supply) (Pa)* 191 10.2 23.7 12.5 101 15.1 6.0
Pan pressure (return) (Pa)* -12.3 -12.5 -18.4 -16.2 -10.8 -14.0 31
Duct air leakage class’
(cfm/100ft @1 iwc) 232 414 319 320 380 333 70
Pressure exponent (-) 0.69 0.71 0.61 0.57 0.6 0.64 0.06

T Air leakage class is based on the measured duct ELA at 25 Pa and the calculated leakage flow
at 250 Pa static pressure, using the measured pressure exponent.
Average value of pressure pan measurements on all registers.

shows the total effective leakage area versus floor area for the five systems

tested in the present study, the previous LBNL data (Delp et al. 1998a; Delp et al. 1998b),
FSEC data, and a summary of LBNL residential data (Jump et al. 1996).
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Figure 6. Total effective leakage area (ELA,s) vs. floor area using data of
present study, previous LBNL data (Delp et al. 1998), FSEC small commercial
data (Cummings et al. 1996), and residential summary information (Jump et al.
1996).

also shows the static pressures of the supply and return plenums, as well as the
average pan pressures at the registers in each small system. The measured static pressures
ranged from 14 to 61 Pa at the most upstream section of ductwork (supply plenum), and
from approximately 10 to 24 Pa at the furthest downstream supply register.

Table 5 compares the supply and return plenum operating pressures of the current study
with those in previous studies. The average supply plenum pressure observed for small
systems in this study was consistently about 50% lower than the average found in
previous LBNL studies of light commercial buildings. The statistical significance of this
difference is not convincing at this stage, because we only studied five such small
systems. For large building systems, the comparison with the previous study (Fisk et al.
1998) shows no significant statistical implication; however, we find large variations of
operating pressures between different systems, and between different sections of same
systems. Duct sections or branches downstream of terminal boxes have average operating
pressures similar to the operating pressures observed in the small systems.
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Table 5. Comparisons of supply and return plenum operating pressures of current study

with those in previous studies.

Operating pressures (Pa)

Supply duct sections

Return duct sections

Std. Total # Std. Total #
Mean Dev. Mean Dev.
Small Commercial 31 18 5 219 12 5
(present study)
Small Commercial
(Delp et al. 1999) 66 36 30 -43 25 30
Residential 44 N/A N/A -64 N/A N/A
(Jump et al. 1996)*
Large Commercial Upstream of
Terminal Boxes 377 199 6 -260 - 1
(present study)
Large Commercial Upstream of
Terminal Boxes 270 - 1 - - -
(Fisk et al. 1998)
Large Commercial Downstream of
Terminal Boxes 36 13 8 - - -
(present study)
Large Commercial Downstream of
Terminal Boxes 33 18 4 - - -

(Fisk et al. 1998)

*unreported

1.4.4 Fan flow rates

Although there is no direct relationship between the delivered airflow rate and a system’s
total surface area, ASHRAE (1997, Chapter 32) provides typical values of total fan flow

divided by duct surface area of 10 to 25 L s™ per m”.

Large commercial building systems L1 and L2 had ratios of fan flow to total (supply and
return) duct surface area slightly out of that range (6.4 and 29.9 L s™' per m?,
respectively). However, ASHRAE’s typical values are in good agreement with the LBNL
small commercial systems dataset (1996 through 1999). For these data, the fan flow to
duct surface area ratio ranged from 6.5 to 44 L s™' per m” of duct surface area, averaging
15.7 L s™ per m” with a standard deviation of 7.7 L s per m?.
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Figure 7. Fan flow rate versus surface area in light
commercial buildings using LBNL data sets (1996 through
1999).

1.4.5 Estimated leakage ratios from ducts

To ease comparisons between systems, the air leakage flow rate is usually expressed in
terms of the air leakage ratio, defined as the leakage airflow rate divided by the total
airflow rate through the duct sections of interest. Using the ELA method, the leakage
airflow rate O can be calculated by supply typical duct operating pressure to Eq. The
air leakage flow rates can also be obtained by finding the difference between upstream
and downstream flow rates. The air leakage ratio is the estimated air leakage flow rates
divided by the total fan flow.

Based on duct system accessibility and the register types on which register flows could be
measured reliably using our existing equipment, we chose to measure the fan flow for
two large-commercial and five small-commercial constant air volume systems. We
derived the air leakage ratios in System L1 and System L2 using both of the previously
described measurement methods. For all light commercial buildings, the air leakage rates
were also estimated using both of the measurement methods. [Table 6|and [Table 7|provide
the estimated leakage ratios from the duct systems in large and small systems,
respectively.

1.4.5.1 Large commercial systems

provides estimated air leakage ratios from Systems L1 and L2. System L1 results
suggest that the pressure experienced by the leaks is considerably lower than half the
plenum pressure. This assumption was found to yield reasonable results in light
commercial buildings (Levinson et al. 1997). It would be very difficult to justify this
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assumption rigorously, but it is consistent with the actual pressure at any given leakage
site being somewhere between the plenum pressure and zero.

In system L1, there was a significant pressure drop between the supply plenum and the
register outlets. Taking half of the value measured in the supply plenum is a way to
estimate the operation pressure in light commercial buildings. Another estimate of the
average operating pressure in the supply duct is the average from the register pan
pressure measurements. The estimate of the supply section’s air leakage ratio is 21%
based on the first method (half plenum pressure), and 10% if using the average pan
pressure as the input for operating pressure. The estimated air leakage ratio for the return
section is 23% based on the method of half plenum pressure, and 6% if based on the
average pan pressure method. As discussed in the approach section, Walker et al. (1998)
have used essentially the same method to estimate air leakage from residential ducts, and
they estimated that the maximum uncertainty was 40% of the measured air-leakage rate.

By using the flow-subtraction method, the estimation of the leakage ratio for supply
section in system L1 is 3%, which is associated with the combined uncertainty of +16%,
as discussed in section[1.3.8] A comparison between the two methods indicates that the
leakage ratio for the supply duct of system L1 would be in the range from zero to 19%.

In System L2, pan pressures varied from register to register. The estimated air leakage
ratio for the supply section is 26% based on the method of half plenum pressure, and
based on the average pan pressure method. By using the flow-subtraction method, we
measured a leakage ratio of 17% associated with the uncertainty of +16%. With the
uncertainties pertaining to the estimation, these results were in agreement, ranging
approximately from zero to 33%.

Overall, given the uncertainties associated with the two different methods used in this
study, the range of the estimated leakage ratios in System L1 and L2 is similar to the
findings in a previous study by Fisk et al. 1998. In that study, the estimated air-leakage
rates as a percentage of the inlet airflow rate varied widely from zero to approximately
30% with most of the estimates falling between 10 and 20%.

Table 6. Estimates of leakage ratios as percent of fan flow in two large commercial
building systems, using three methods.

Leakage ratios based on

Method Fan flow — Sum of ELA and half plenum | ELA and average
register flows pressure pan pressure
System L1 (supply) 3% 21% 10%
System L1 (return) - 23% 6%
System L2 17% 26% 26%

In System L3, which consisted of the main trunk and downstream VAV branches, we
monitored the pressures in the main trunk and some of the VAV boxes over time as
Assuming that the results of system L3b (downstream of the VAV

described in
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unit tested) can be extrapolated to all VAV units connected to the upstream section tested,
the total leakage flow rate at 15 Pa (about half of the average VAV box pressure) for the
downstream part of the system would be about 320 L s™. The trunk section upstream of
VAV boxes in system L3 is about eight times tighter than the downstream section on both
normalized duct ELA;s (based on per unit of duct surface area). However, because the
pressure is considerably higher in the upstream section, the total actual leakage flow in
trunk section was about 450 L s, about 40% greater than the total of the downstream
VAV sections. In large systems with terminal units (VAV, or mixing boxes), it is necessary
to characterize separately the leakage of sections that operate at different pressures,
namely that of sections upstream and downstream of terminal units.

1.4.5.2 Small commercial systems

[Table 7]shows the leakage airflow rates as percent of total fan flow using the flow
subtraction method for all light commercial building systems. The ELA-to-leakage-flow
conversion method based on half the plenum pressure is also used in System S2 because
the supply and return leakage areas were measured separately. For the supply duct in
System S2, both methods yield a 9% air leakage ratio. Overall, in the present sample, the
average leakage ratio is 10%, somewhat lower than the 26% average value reported by
Delp et al. 1999.

Table 7. Estimates of air leakage ratios as percent of fan flow in light commercial
buildings, using different methods.

Leakage ratios based on
Supply Return
Method Fan flow - Sum of| ELA and half |Fan flow - Sum of| ELA and half
register flows |plenum pressure| register flows |plenum pressure

System S1 0% - (-7%) -
System S2 9% 9% 18% 4%
System S3 13% - 27% -
System S4 10% - (-5%) -
System S5 17% - 16% -

Average 10% 9% 20%* 4%

Std. Dev. 6% - 6% -

*calculation excludes negative values.
1.4.6 Conduction heat gains and losses

Since the weather was mild during the period when the field tests were performed, most
of the systems were not operating at their full capacity all the time. One would expect
frequent “on-off” operation for cooling cycles and sometimes for heating cycles. In
cooling mode, heat gains between the outlet of the cooling coils and the supply registers
usually caused supply-air temperatures to increase, thus lowering the cumulative
effectiveness of cooling. When the system was in heating mode, heat loss between the
outlet of the heating coils and the supply registers caused supply-air temperatures to
decrease, also reducing the cumulative effectiveness of heating.
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1.4.6.1 Temperature trends

We monitored duct air temperatures in three systems in large commercial buildings, and
in three systems in light commercial buildings. Measurements were made over several
days at an interval of 10 seconds to detect temperature swings. The following are the
main findings in temperature monitoring and heat conduction analysis.

TEMPERATURE TREND IN LARGE SYSTEMS. [Figure 8| [Figure 10} and |

Figure 12 show the temperature trends for each of the large building systems (L1, L2,
L3), while [Figure 9, [Figure 11} and [Figure 13|show the general duct layout for each of the
large systems, respectively.

Figure 8]shows the temperature trend and fan operation for a large system (L1) with a
constant supply fan during a 24-hour monitored period in a supermarket located in
Pleasanton. The figure indicates that the fan was always on 24 hours a day to satisfy the
conditioning task. Interestingly, the HVAC cooling never came on even during the
daytime, probably because the freezers were adequate to cool the store in mild weather.
The heating was, however, occasionally on at night during our 3-day monitoring period in

April. The registers and duct layout are shown in[Figure 9

shows the temperature trend and fan operation for a long duct system (L2) with
a constant heating supply fan for perimeter offices of a large office building in Palo Alto.
The figure indicates that the fan was constantly on roughly from 7 AM to 5 PM on
workdays to maintain the office temperatures at certain levels. The registers and duct

layout are shown in
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Figure 8. Temperature trend in duct System L1 of a supermarket store.
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Figure 12 shows the temperature trends for a VAV duct system (System L3) with three
VAV boxes and three two downstream registers in a large office building in Palo Alto.
The temperature differences between the supply plenum and VAV boxes (or registers)
indicate temperature rises throughout ductwork during cooling operation.
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Figure 12. Temperature trends for duct System L3 (cooling, VAV duct system).
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Figure 13. Monitored VAV boxes and registers layout for duct System L3.

A

TEMPERATURE TREND IN SMALL SYSTEMS. [Figure 14]though show the

temperature trends in cooling and/or heating modes for each of the small building
systems.

igure 14{shows the temperature trend for a small duct system (System S1) during
regular working hours (9 AM — 6 PM). The figure indicates that during the daytime, the
system came on and off to cool the space.

shows the temperature trend for a small duct system (System S3) during
regular working hours (9 AM — 6 PM). The figure indicates that during the daytime, the
system came on and off to cool the space. Interestingly, Figure 16]shows that the system
ran at night to heat the unoccupied space.

Figure 17]shows the temperature trend for a small duct system (System S5) during
regular working hours (9 AM — 6 PM). The figure indicates that during the daytime, the
system came on and off to cool the space, while at night the system was running to heat

up the space (Figure 18).
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Figure 15. Temperature trend for cooling cycles in duct System S3 (small office).
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Figure 18. Temperature trend for heating cycles in duct System S5 (small office).

1.4.6.2 Temperature rise or drop in the supply ductwork

For most systems’ operation in this study, the supply temperature swing significantly, so
did the air temperature exiting the supply registers. The temperature difference between
supply registers and supply plenum thus varied accordingly. In this report we calculate
the temperature difference between supply plenum and terminal units (registers, VAV
boxes) at the end of each temperature swings as a way to assess magnitudes of thermal
loss through conduction in different systems.

presents temperature rise (+, in cooling mode) or drop (-, in heating mode)
relative to the supply plenum for each of the registers at the end of each temperature
swing. The table also presents the average percentages of cooling/or heating cycle-on
time for each small system. The values in the right column show the average temperature
rise or drop for individual registers monitored. These can be used as the rough estimates
of temperature rise or drop at the end of swing for each of the system operations, and an
indication of the heat conduction impacts through ductwork.

TEMPERATURE DROP IN LARGE SYSTEMS. In two of the large systems (L1 and L2), the
supply air was heated upstream of the duct systems and supplied through constant speed
fans. The temperatures of supply registers in the ducts dropped by 0.3 to 6.2 °C at the end
of usual heat-on cycles. In System L1, the heat was on about a quarter of the time from 6
AM to 12 PM. The temperature drop from the supply plenum to the registers was 1.5 °C
in the first 68 m (210 ft), and an additional 1 °C in the next 40 m (120 ft, [Figure 9). In
System L2, system heating was on from 7 AM to 5 PM, accounting for about 83% of the
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time between 6 AM to 6 PM. The temperature drops ranged from 0.3 °C at 15 m (47 ft)
to 6.2 °C at 56 m (170 ft) in the 65-m (198-ft) long duct (Figure 11). Although the
registers in this system were closer to the plenum, they e eater temperature
drops. This is an indication of worse supply-duct insulation in System L2 as compared to
System L1.

TEMPERATURE DROP IN SMALL SYSTEMS. For the small systems (S3 and S5) operating in
heating mode, the heat loss if any between the supply plenum and the supply registers
caused supply air temperatures to drop by up to 4.3 °C at the end of heating-on cycles in
these small building systems. In one of the systems (S5), the average temperature drop of
registers was close to zero. In System S3, heating-on time accounted for about one-third
of its operation time (3 AM to 9 AM). In System S5, heating-on time accounted for about
40% of its operation time (3 AM to 9 AM).

TEMPERATURE RISE IN A LARGE VAV SYSTEM. For System L3, which was a VAV system,
we monitored the temperatures of three VAV boxes (A, B, E), and three registers

downstream of different VAV boxes (A, B, C). |

Figure 12 shows the temperature trends with periodic temperature swings in the supply
plenum. Since two identical compressors served the system, the temperature swings
indicated that at least one of the compressors were operating intermittently for cooling
every 15 minutes or so. The layout of measurement points in shows that the
VAV boxes and registers monitored represented a wide range of delivered distances from
the supply plenum. shows the temperatures rises in VAV Boxes A, B, D, and
Registers A, B, C, at the end of temperature upswings between around 1 PM to 2 PM.
The temperatures rises in VAV Boxes B, A, D ranged from 1.8 to 6.5 °C, increasing with
distance from the plenum. In System L3, register B was one of the registers in Branch B,
with an average temperature rise of 4.5 °C. The temperature rise for the register from its
VAV box (B) was about 3 °C, a large value given its proximity to the box (< 6m) [17 ft].
This indicates significant thermal loss per unit of airflow within the branch. Register A
was furthest downstream of a VAV box (<10m) [29 ft], and the temperature rise was
almost 12 °C. Register C was the furthest register downstream of Branch C (10 m), with
a temperature increase of approximately 11 °C. The significant rises of the register
temperature were probably due both to heat conduction through the duct wall and to
induction-unit mixing of the duct air with warmer ceiling plenum air.

The temperature rises along the duct varied significantly from terminal unit to terminal
unit. The difference in temperature rises between VAV boxes were likely due to variations
in distance from the supply plenum, the extents to which the airflow modulations were
open, and the presence of induction units. Since we did not monitor the exact airflow
delivered through each VAV box or the operation of induction units, it is premature to
predict their impacts on the temperature rise. Thermal loss through downstream sections
can only be evaluated by the combination of temperature drops and operating airflow
rates.

TEMPERATURE RISE IN SMALL SYSTEMS. For the small systems (S1, S3 and S5) operating
in cooling mode, the heat gains between supply plenum and the supply registers caused
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supply-air temperatures to rise by up to 4.1 °C at the end of cooling-on cycles. In System
S1, cooling-on time accounts for half of the time when cycling was active (9 AM to 4
PM). In System S3 cooling-on time accounted for only 14% of the time when cycling
was active (12 PM to 6 PM. In System S5 cooling-on time accounted for half of the time
when cycling was active (12 PM to 6 PM).

Table 8. Cycle on-time fraction and temperature rise/drop in registers or terminal boxes.

Temperature rise/drop at end of heat/cooling-ON swings ( °C)

System type Operating Fracti_on of| Supply | Supply | Supply | Supply | Supply | Average
Mode heating/ |register A|register B|register C|register D |register E
cooling
ON-Time
L1 CAV, | Heating 23% -1.5 -2.5 - - - -2.0
store
L2 CAV, | Heating 83% -0.3 -4.2 -6.2 - - -3.6
Large office
systems NA 4.4 1.8 - 6.5 4.3
L3 VAV, | Cooling

office NA 11.8 4.5 1.0 - 9.1
S1, Roof- | Cooling 48% 11 1.9 - - - 1.5

top Unit
S3 Roof- | Heating 35% -4.3 -2.2 -1.8 -1.5 -2.2 -2.4

top Unit
Small Cooling 14% 4.1 23 1.8 1.8 2.0 24

systems

S5 Roof- | Heating 46% -0.1 -0.1 -0.1 -0.1 -0.3 -0.1

top Unit
Cooling 39% 0.9 0.8 0.9 1.4 2.0 1.2

Note: data in the shaded cells are from VAV boxes, not registers.
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1.4.6.3 Heat conduction through ducts

summarizes the overall cumulative effectiveness for each register in supply duct
systems monitored (L1, L2, S1, S3, S5).

HEAT CONDUCTION LOSS IN LARGE SYSTEMS. In large systems, we calculated the
cumulative effectiveness by applying Eq. to systems with constant air volume supply.

shows that for large systems, the cumulative effectiveness of supply registers in
heating mode ranged from 0.77 to 0.98 in Systems L1 and L2. In each of the systems, the
cumulative effectiveness decreased with the increase in distance of downstream registers
from the supply plenum. If the cumulative effectiveness was representative of all registers
in the systems, heat conduction through ducts reduced the heating capacity of the supply
air exiting registers by little in System L1 (2%) and by nearly 25% in System L2. The
magnitude of estimated heating loss in System L1 indicated that the supply duct in the
grocery store was well insulated, while the estimated heating loss in System L2 indicated
that the supply duct in the office building was worse insulated. This is consistent with
findings in register temperature drops along their supply ducts.

HEAT CONDUCTION LOSS IN SMALL SYSTEMS. Among the three small systems (S1, S3, and
S5) monitored during unoccupied period (usually, 12 AM to 6 AM), the overall
cumulative effectiveness of supply registers in heating mode ranged from 0.76 to more
than 1.0. The cumulative effectiveness for most of the supply registers exceeded 100% in
System S5. This indicated that additional heat gains through the ductwork (from the
ceiling plenum) contributed to the registers’ nighttime temperature increases. The ceiling
plenum temperature was always higher than the room temperature, and was higher than
the duct temperature roughly half of the time at night. This resulted in register
temperatures that equaled or exceeded the supply plenum temperature for a significant
portion of the time.
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Table 9. The overall cumulative effectiveness of supply ducts for the systems tested.

Overall Cumulative Effectiveness

System type Operation
Mode Supply | Supply | Supply | Supply | Supply | Average
register A [register B |register C|register D|register E
Large L1 CAv, Heating 0.96 0.95 - - - 0.96
systems store
L2 CAV, Heating 0.98 0.84 0.77 - - 0.87
office
S1, Roof- | Cooling 0.89 0.80 - - - 0.85
top Unit
Small 53 Rooftop| Heating | 076 | 088 | 089 | 093 | 087 | 087
systems Unit
Cooling 0.66 0.73 0.84 0.81 0.79 0.76
S5 Roof-top| Heating 1.02 1.04 0.94 1.05 0.88 0.99
Unit
Cooling 0.93 0.94 0.93 0.89 0.85 0.91

HEAT CONDUCTION GAIN IN A LARGE VAV SYSTEM. Since the airflow in VAV systems
usually changed over time, the cumulative effectiveness defined by Delp et al. [Eq. (4)]
would not hold. We use the temperature effectiveness as defined in Eq. [5) to roughly
evaluate the thermal losses in the VAV duct system. In the VAV system (L.3), we used
Pitot tubes to monitor the dynamic pressure at the exit of system’s main fan and in VAV

boxes (A and B), as shown in
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Figure 19. Fan room pressure trend in VAV System L3.

During the occupied hours (8 AM to 6 PM) the dynamic pressure of main supply plenum
ranged from 70 to 112 Pa, with an average pressure of 84 Pa. Assuming that the average
total flow changed with the dynamic pressure monitored, the total fan flow would be
within approximately +15% of the average flow rate, and within £8% of the average flow
rate during 90% of the occupied period. The figure also shows that during some short
periods of time, the total fan flow was fairly constant. For example, between 1 PM and 2
PM, the dynamic pressure ranged from 70 to 77 Pa with an average of 74 Pa. The
corresponding fan flow ranged within +3% of its average, indicating little change in the
fan flow between 1 PM and 2 PM.

During the same occupied hours, the dynamic pressure in VAV box A ranged from zero
to 2 Pa with an average of approximate 1 Pa, while the dynamic pressure in VAV box B
ranged from zero to 13 Pa with an average of approximate 7 Pa. Airflow through VAV
box A or B was relatively stable for the periods with the scales of 2 to 3 hours.

We calculate the temperature effectiveness for three VAV boxes and registers to assess the
magnitude of heat conduction loss for some branches and registers for the building peak-
load-hour between 1 PM and 2 PM. [Figure 20]shows the instant temperature
effectiveness for one VAV box (B), and overall temperature effectiveness for three VAV
boxes (A, B, E), and three registers (A, B, C) from around 1 PM to 2 PM. The positions

of the VAV boxes and registers are shown in
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The instant temperature effectiveness of VAV box B changed periodically with
temperature swings (every 15 minutes or less), while the aggregated temperature
effectiveness achieved a relatively stable value (0.90) shortly after only one temperature
swing, which usually lasted for less than 15 minutes. For the one-hour period, the short-
term temperature effectiveness was 0.90 for VAV box B, 0.73 for box A, and 0.62 for box
E. This indicates that the further the VAV box was from the supply plenum, the lower the
temperature effectiveness was. The temperature effectiveness was 0.72 for register B,
0.16 for register A, and 0.07 for register C.

Since the dynamic pressure in VAV box A or B was quite stable during the hour, the
short-term aggregated temperature effectiveness can be used to estimate the thermal
conduction loss for each of the VAV boxes. The overall thermal loss in the duct upstream
of VAV boxes can then be obtained by weighting the flow rate through each VAV
terminals. If we assume that VAV Boxes A, B, and D represented the typical distribution
of all VAV boxes in this system and that each VAV box carried the same flow rate, then
the overall temperature effectiveness of all VAV boxes in the system would be about 0.75.
This rough estimate indicates that about a quarter of the cooling energy was lost before it
was delivered to each of the VAV boxes during the one-hour period of time. This estimate
is somewhat consistent with the large temperature drops in the VAV boxes as discussed in
the previous section.

The temperature effectiveness of VAV boxes decreased with distance downstream.
Additional temperature rises in registers downstream of a VAV box rendered the
temperature effectiveness of downstream registers significantly lower than that of their
parent-VAV box. For example, the temperature effectiveness of register B was 0.76, about
an additional 14% reduction for the temperature effectiveness in VAV box B (0.90).
Assuming register B was representative of the registers in this particular branch, the
actual thermal losses (heat gain) through duct conduction downstream of VAV box B
account for 14% of the heat gain in the branch during the peak-hour period. Since
registers A and C were associated with induction units, the temperature effectiveness of
registers A and C could not be used to directly estimate the cooling energy lost in either
VAV branch.
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Figure 20. Short-term temperature effectiveness for VAV boxes and registers.

HEAT CONDUCTION GAIN IN SMALL SYSTEMS. For the small systems, [Table 9]shows the
cumulative effectiveness using Equation . The cumulative effectiveness of all
monitored supply registers in cooling mode ranged from 0.66 to 0.94. On average,
cumulative effectiveness ranged from 0.76 to 0.91 for the three small systems monitored.
If we assume that the measured cumulative effectiveness is representative of all registers
in the systems, heat conduction through ducts reduced the cooling capacity of the supply
air exiting registers by 9 to 24% for the small systems.

When looking at the cumulative effectiveness and small systems’ cycle on-time fractions
for each individual cooling cycle, there is a trend that when the cooling-on-time fractions
rose, the effectiveness increased (Figure 21). This was likely due to thermal cycling of
the ducts. Since the duct system has a certain thermal capacity, the energy required to
cool or heat the ducts to certain temperature should be constant. When the cycle on-time
fraction increased, the required cooling/heating energy became a smaller fraction of the
total energy to be delivered from the system. This means that excessive energy waste due
to cycling was reduced, thereby increasing the cumulative effectiveness. This was
consistent with the finding by Delp et al. (1999).
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tested

1.4.6.4 Summary of effectiveness analysis

COOLING MODE. During cooling operation, the supply temperature swing significantly, so
did the air temperature exiting the supply registers. The temperature difference between
supply registers and supply plenum thus varied accordingly. Temperature difference
between supply plenum and terminal units (registers, VAV boxes) at the end of each
temperature swings was used to indicate magnitudes of thermal loss through conduction
of different systems. For small systems in cooling mode, the average temperature rises
between the outlet of the cooling coils and the supply registers due to conduction heat
gains ranged from 1.2 to 2.4 °C, while temperature rises in individual registers ranged
from 0.8 to 4.1 °C. For one large VAV system tested in cooling mode, the temperature
rises (at the end of each temperature swings) between the supply plenum and VAV boxes
ranged from 1.8 to 6.5 °C, while average temperature rises between the supply plenum
and the supply registers ranged from 4.5 °C (without induction unit) to almost 12 °C
(with induction unit).

HEATING MODE. For small systems in heating mode, the temperature drops between the
outlet of the cooling coils and the supply registers due to conduction heat loss ranged
from 0.1 to 2.4 °C, while temperature rises in individual registers ranged from 0.1 to

4.2 °C. For two large CAV systems tested in heating mode, the average temperature drop
(at the end of each temperature swing) between the supply plenum and the supply
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registers ranged from 2 to 3.6 °C, while temperature drop in individual register ranged
from 0.3 to 6.2 °C.

THERMAL LOSS. Overall, the average cumulative effectiveness for each small cooling
system was estimated to range from 0.76 to 0.91, while average fractional cooling on-
time ranged from 14 to 48%. The effectiveness for each small system in heating mode
was estimated to range from 0.76 to over 1.0, while average fractional cooling on-time
ranged from 23 to 83%. For two large CAV systems in heating mode, the corresponding
cumulative effectiveness of downstream registers was 0.77 and 0.98. Within each of the
systems, the further the distance downstream of the supply plenum, the lower the
cumulative effectiveness was.

An estimate on temperature effectiveness for a VAV system during a short period of peak-
load time (one hour) indicates that the heat conduction gains through the duct reduce the
cooling capacity of the VAV systems by roughly 25% for the upstream main trunk at peak
hour, and the heat conduction reduced the cooling capacity by an additional 14% points
in one of the VAV branch studied.
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1.4.7 Equipment performance monitoring

During the review process of the system characterization, we gathered information on the
nominal capacity and on some cycling characteristics of the cooling/heating equipment,
as presented in the previous sections. We have used an “ACRXx,” a service tool for
monitoring vapor-compression-refrigerating cycle and for fault detection. We used it for
short-term monitoring of energy performance of the HVAC units in light commercial
buildings. The purpose of monitoring is to provide the diagnostic information on air-
conditioner (AC) operation, its electricity power consumption, and the steady-state
coefficient of performance (COP) of the air-conditioner. An advantage of the tool is that
it comes standard with remote wireless communication to a PC. In practice, we could
download data at our office to retrieve data by dialing the cellular phone within the
service tool. We measured the unit COP, the short-term energy consumption, and the
maximum energy demand for two AC units during different one-week-long periods of
time in August and September.

1.4.7.1 Measured efficiency of the air-conditioners

To assess the performance of AC units in operation, we monitor the temperatures and
pressures of refrigerant at different stages (e.g., before and after the
compressor/condenser) of small rooftop packaged units. The coefficient of performance
(COP) can then be calculated based on the enthalpies representing the electricity energy
input and cooling energy output. However, the values of calculated COP based on instant
temperature and pressure data do not necessarily represent the true energy efficiency of
the unit because the unit may not operate in a steady-state. Two systems, System S3 and
System S5, were tested in this study.

shows trend of calculated COP, outside air temperature, room temperature, and
the electricity energy demand during a one-day operation (9:00 AM — 6:00 PM) for
System S3 in August. From the plot, we observe that the unit was operating on-and-off
quite often. On average the unit was on for approximately 20 to 40 minutes, and then 5 to
10 minutes off. The calculated COP during each on-cycle approaches a stable number
when the unit’s cooling operation and measurement sensors approach a steady state.
Usually this takes about 10 to 20 minutes. The trend of calculated COP curves indicate
that due to unstable refrigerant flow rates at the beginning of units’ start-up, the minimal
time needed for the refrigerant tubes to reach thermal balance with ambient condition and
the temperature sensor, the calculated COP values only become meaningful when they
approach a steady-state. In general, the steady-state COP values were between 4.2 to 4.3,
while the space temperature ranging from 22 to 23°C and outdoor temperature ranging
from 27°C in the morning and up to 34°C.

Figure 23]also shows the trend of calculated COP, outside air temperature, space
temperature and the electricity energy demand during another one-day operation for
System S3 in August. From this plot, we observe that the same unit was in operation most
of the time (9:00 AM — 6:00 PM). While the temperatures, pressures and flow of the
refrigerant in the AC unit may change slightly over time due to variations in the ambient
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conditions, we can consider the temperatures, pressures and flow of the refrigerant
monitored represent the instantaneous system parameters, so do the refrigerant enthalpies

derived from these parameters. In

this case COP values over time is reliable for assessing

the unit efficiency. As expected, the COP changed with the change in ambient

temperature while the space temp
indoor temperature was held very

erature was stable. During the one-day operation , the
stable at about 23°C. In the morning, when outdoor

temperatures ranged between 25 and 27°C during 11:00 AM - 12:00 AM, the COP
ranged between 3.9 and 4.0; there was a trend that COP reduced with the increase of
outdoor air temperature. When outside air temperature was higher (averaged 31°C during
3:00PM and 6:00PM), the units’ COP dropped more to approximately 3.7 during the

continuous operation. One would
outside air was cooler the system

expect that given same indoor temperature, when the
would have operating on-and-off more often than it

does when it was warmer. Compared to Figure 22, when the outdoor temperature was
slightly lower (up to -3°C) and indoor t slightly higher (up to 0.5°C), System
S3 surprisingly was in operation most of the time during the office hours. Since there are
other units serving the same office building as S3 does and each system’s operation was

largely affected by the individual

thermostat set-point, this indicates that system control

have large impact on the operation pattern of the individual system.
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Figure 22 System S3: Calculated COP, outside air temperature, space temperature and the
electricity energy demand during continuous operation
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Figure 23 System S3: Calculated COP, outside air temperature, space temperature and the
electricity energy demand during intermittent operation

Overall, four out of five weekdays for System S3 had similar operation patterns shown in
This indicate that most of the time during the week in late August the system
was often operating on-and-off. Since there are other units serving the same office
building as S3 does, and each system’s operation was largely affected by the individual
thermostat set-point, it is hard at this stage to judge whether or not the specific system is
oversized.

For System S5, we observed similar operation patterns seen in System S3 during another
one-week monitoring in another light office building (. The system was on-
and-off so often that often the calculated enthalpies (and COPs) based on temperature and
pressure measurement did not approach steady-state.
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Figure 24 System S5: Measured COP, outside air temperature, space temperature and the
electricity energy demand during intermittent operation

1.4.7.2 Energy demand and energy use of the air-conditioners

able 10[shows the electricity energy demand of both systems for selected days and
short-term electricity consumption.

Table 10 Short-term electricity energy demand and electricity consumption

AC System System S3 System S5

Electricity One-week Electricity One-week

demand (kW)* | electricity use demand (kW) electricity use
(kWh) (kWh)
Intermittent 7.9 5.1
operation
353 (70%)** 140 (90%)*

Continuous 7.0 4.7
operation

* Includes fan power and power for controls.
** Percentage represents the ratio of electricity energy use of the AC system from 9 AM to 6 PM to the
total electricity use of the AC system during the week.
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In this discussion, we define that the unit was operating continuously if it was on
continuously for three or more hours during the daytime. From the table we see that for
the same system, electricity energy demand (kW) becomes higher when the system was
operating intermittently compared to when it was operating continuously (7.9 kW vs. 7.0
kW for S3, and 5.1 kW vs. 4.7 kW for S5) during the week of monitoring.

From the energy use we find that about 70% of the total electricity use of the AC system
(S3) during the week actually occurred during 9 AM and 6 PM, indicating significant
energy use outside of normal business hours. For System S5, the electricity use of the
AC system during 9 AM and 6 PM accounted for 90% of the unit’s total electricity use.
Since we observed that the office is open during normal office hours, the ACRx
monitoring shows that excessive energy was used to condition spaces, an indication that
system control schedule had some problems.

1.4.7.3 Discussion

ACRXx provides a useful tool for field diagnostics of air-conditioner unit. The monitoring
of refrigerant temperature, pressure, and electricity energy can provide diagnostic
information on unit’s energy performance. It becomes valuable in the following aspects:
1) detecting unit’s on-and-off operation pattern, which may be used as an indication of
system’s failure, oversize, or improper control, 2) providing performance data during
steady-state operation, 3) providing the data of energy use and energy demand of the unit
during a certain period of time as selected by users, and 4) continuous collecting data at
users’ needs once the tools is setup and working properly.

The shortcomings of the system include its inability to monitor accurately the unit
performance during non-steady-state operations. Also, the measurement setup-time
required was somewhat long, and telecommunication technique used sometimes was not
stable. Although shortfalls in the tool’s setup and data retrieval process seemed to be a
concern, they could be improved in terms of future tool design. Nevertheless, the tool can
become effective for system diagnostics during steady-state operation.
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1.4.8 Summary of the field characterization results

In contrast with previous studies conducted by LBNL, our building selection this year
was geared towards large-building systems. We characterized five HVAC systems (or
system sections) in four large commercial buildings, and five HVAC systems in four light
commercial buildings in northern California. The following summarizes the results of this
study.

1.4.8.1 Air leakage

SupPLY DUCT ELA,s. For large systems, normalized leakage area (ELA;s) varied widely
from system to system, ranging from 0.3 to 7.7 cm? per m” of floor area served, and from
0.7 to 12.9 cm? per m” of duct surface area. Within the same VAV system, the normalized
leakage areas of supply ducts (per unit duct surface area) varied by a factor of up to eight,
indicating that the upstream ducts were much tighter than downstream branches. For
small systems, the ELA,s ranged from 0.8 to 5.3 cm” per m” of served floor area, and
from 3.7 to 7.5 cm” per m” of duct surface area. The averaged specific ELAys was 2.6
cm’/m’ floor area, somewhat lower than that found in our previous studies.

AIR LEAKAGE CLASS. For large systems, the air leakage classes for main supply ducts
(upstream of VAV or mixing boxes) for all large systems tested ranged from 34 to 246,
while those downstream (usually branches) varied widely from 58 to 606. In the present
study, the total leakage class (supply, return, and air handler) of the small systems ranged
from 244 to 414. The average was 333, lower than the 447 average reported in LBNL’s
previous studies. Compared to the predicted duct leakage class by ASHRAE (3-12 for
sealed ducts, and 30-48 for unsealed ducts), these systems appeared to be quite leaky.

OPERATING PRESSURE. The average supply-plenum pressure observed in small
commercial systems was 30 Pa, about 50% lower than the average found in the previous
LBNL studies of light commercial buildings. The statistical significance of this difference
is not convincing at this stage, since we only studied five such small systems. For large-
building systems, we found large variations of operating pressures among different
systems, and among different sections of the same systems. Duct sections or branches
downstream of terminal boxes had average operating pressures similar to the operating
pressures observed in the small-building systems.

AIR LEAKAGE RATIOS. In small systems, the average leakage ratio was 10%, considerably
lower than the 26% average value reported in previous LBNL studies. In large systems
with terminal units (VAV or mixing boxes), it is necessary to separately characterize the
leakage of sections that operate at different pressures (i.e., upstream and downstream of
terminal units). Using two different methods in this study, the range of the estimated
leakage ratios in two large constant-air-volume systems was estimated to be between zero
to 33%, a range similar to the findings in LBNL’s previous study.
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1.4.8.2 Heat conduction losses

We improved the accuracy of temperature measurements in the duct systems by using
self-powered portable data-loggers (HOBO-Pro, Onset Computer 1999) for this year’s
experiments. Findings from small and large systems are summarized as follows.

SMALL SYSTEMS. For small systems in cooling mode (during occupied hours), the average
temperature rises between the outlet of the cooling coils and the supply registers due to
conduction heat gains ranged from 1.2 to 2.4 °C from system to system, while
temperature rises in all registers ranged from 0.8 to 4.1 °C. The estimated cooling energy
loss through duct conduction for small-building systems ranged about 9% to 24%, and
the fractional on-time for cooling cycles in these buildings ranged from 14 to 48% during
occupied hours.

For small systems in heating mode, the average temperature drops between the outlet of
the cooling coils and the supply registers due to conduction heat loss ranged from 0.1 to
2.4 °C, while temperature rises in individual registers ranged from 0.1 to 4.2 °C. The
heating energy loss through duct conduction or small systems in heating mode (during
unoccupied hours) was estimated to range from 0 to 24%, while average fractional on-
time for cooling cycles ranged from 23 to 83%.

LARGE SYSTEMS. For one large VAV system tested in cooling mode, the temperature rises
(at the end of each temperature swings) between the supply plenum and VAV boxes
ranged from 1.8 to 6.5 °C, while average temperature rises between the supply plenum
and the supply registers ranged from 4.5 °C (without induction unit) to almost 12 °C
(with induction unit). This study indicates much higher temperature rises in the large
system than those found in the study by Fisk et al. (1999). The dramatic variations of
temperature rises in the VAV boxes and registers were probably due to traveling distance
of the air from the supply plenum, the insulation of duct, the opening degrees of the
VAV’s airflow modulator, and induction units (if any) associated with the VAV terminals.
An estimate on temperature effectiveness for a VAV system during a short period of peak-
load time (one hour) indicates that the heat conduction gains through the duct reduce the
cooling capacity of the VAV systems by roughly 25% for the upstream main trunk at peak
hour, and the heat conduction reduced the cooling capacity by an additional 14% in one
of the VAV branch studied.

For two large CAV systems tested in heating mode, the average temperature drop (at the
end of each temperature swing) between the supply plenum and the supply registers
ranged from 2 to 3.6 °C, while the temperature drop at all registers tested ranged from 0.3
to 6.2 °C. The corresponding effectiveness was between 0.77 and 0.98 for the two CAV
systems tested in heating mode.

Within all systems tested, the cumulative effectiveness decreased with the distance
between terminal units (including registers) and the supply plenum.
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1.5 Discussion

1.5.1 Air leakage characterization

Characterizing the thermal performance of large commercial distribution systems remains
a very challenging task. Measurement of the leakage rates in these larger duct systems is
labor-intensive because of the size and complexity of these systems. Single-duct systems
with constant air volume are usually easier to study than are VAV or dual-duct systems.
However, our field characterization of air leakage through ducts includes measurements
of the Effective Leakage Area (ELA), the airflow through registers and fan, pressures,
and temperature rise and drops in ducts. These would typically require 100 to 200 person-
hours. For example, approximately 180 person-hours were required to obtain the field
data for system L1, excluding the time needed for subsequent data analyses. The
complexities of systems, available measurement techniques, and labor intensities are
major barriers to performing similar research on larger samples. Besides, the
measurement methods employed in the study had drawbacks similar to those encountered
in the residential and small-commercial sectors.

In variable-air-volume systems, another major challenge is to measure the airflow, which
may vary considerably over time. In this case, estimates of air leakage ratios and their
variations during the normal operation are extremely difficult to obtain with the research
methods developed so far. Besides, to date, their implications on the fan energy use can
be assessed only via detailed numerical simulations. There is clearly a need for simplified
methods for characterizing the thermal performance of such systems based on a limited
number of inputs from the field.

The determination of the duct system operating pressure, which is known to yield the
largest uncertainties in the conversion of ELA to leakage flow in residences and light
commercial buildings, appears to be an even more challenging task in large commercial
buildings. The factors that make it more difficult for large systems include the size of the
duct system, the spatial variations among the ductwork sections, the unknowns in the
distribution of leaks, the definition of typical sections, physical accessibility of duct
sections, and the varieties of systems used (e.g., VAV, CAV, and dual-duct). Currently, we
use a data logger and long tubes to monitor the pressures in different sections of the large
systems. One of the drawbacks to this method was that it took a long time to set up the
pressure monitoring equipment while keeping our equipment as unobtrusive as possible
(so as not to disturb business in the building). A simpler approach for pressure
monitoring is needed.

The field data reported here confirm the trends reported in previous studies (Delp et al.
1999) regarding the poor thermal performance of small systems. However, the methods
developed to characterize these systems are still being improved towards better accuracy
and simplicity. Additional research is needed to develop duct system diagnostic protocols
that could be used on a wider scale.

The ELA measurement, including the split between the supply and the return sides, could
be significantly improved by modifying the protocol reported in Levinson et al. (1997).
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The basic idea would be to artificially increase the resistance to the flow through the heat
exchanger. Practically, inflating a balloon or an inner tube in the return duct just before
the cabinet could do this.

The measurement of fan flow used in our research requires significant time to set up,
calibrate, and perform the flow measurement tests. The tracer gas measurement is
sensitive and expensive, and its performance requires expertise. For field diagnostics
purpose, we need to have a greatly-simplified protocol that can produce acceptable
accuracy.

1.5.2 Thermal losses through heat conduction

The cumulative effectiveness was defined as energy delivery effectiveness through
ductwork by Delp et al 1998. Assuming latent heat change is negligible compared to
sensible heat change within duct systems, the second equal sign “=" in Eq. [(4)| would
hold based on two assumptions: 1) no air leakage through the ductwork, (i.e., the airflow
is constant along the duct), and 2) the airflow is stable all the time.

Usually the first assumption could be compromised since the impact of air leakage on
register outlet temperature could be negligible when the leakage ratio is not excessively
high. For example, if a CAV duct has 20% air leakage distributed evenly along the length
of duct, the temperature difference between the register and supply plenum would be
about 10% larger than when there is no leakage. If we assume that the actual temperature
difference between the register and supply plenum is 4 °C (as observed from large CAV
systems in this study), and we also assume the temperature difference between the space
and supply plenum is about 10 °C, then the temperature rise caused by leakage would
have been more by 0.4 °C. This accounts for an actual 4% difference in results of
cumulative effectiveness. The calculated cumulative effectiveness by using Equation
would have overestimated the thermal loss due solely to heat conduction by 4%.
However, if the air leakage ratio were significant higher (e.g., 50%), its impact on the
register outlet temperature would be comparable or even greater than the impact by heat
conduction. In latter case, the results of cumulative effectiveness, which is intended for
conduction loss assessment, would be misleading without considering the actual impact
of air leakage.

In the constant air volume systems observed in many small systems and some large
systems (e.g., L1 and L2), the cumulative effectiveness introduced by Delp et al. (1998)
is the same as temperature effectiveness defined in Equation. In any case, in order to
estimate the overall energy delivery efficiency in the duct systems the amount of airflow
must be integrated or weighted toward the temperature effectiveness. The average
effectiveness weighted by air flow rate over time can then be directly used as the overall
effectiveness for the systems of interest.

The analysis performed in this study yielded useful results from both large and small
systems operating in different conditioning modes (i.e., heating vs. cooling). We should
also note that the system operation and control, internal loads, weather conditions, and
equipment sizes had influenced the temperatures we monitored.
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Small systems are likely to exhibit a lower percentage of cooling cycling-on time
operations in transitional seasons (spring and fall) than in summer, because the loads are
lower. Thus, cumulative cooling effectiveness will probably be lower in transitional
seasons than in summer.

1.5.3 Energy saving potentials

The influence of air leakage and conduction losses on HVAC energy use depends on
many factors, including duct insulation, locations of air leaks, locations of ducts, and
control strategies in the HVAC system (e.g., thermostat set-points, airflow controls and
systems types). To evaluate the energy penalties induced by air leakage, it is appropriate
to evaluate the leakage ratio (i.e., the leakage flow rate divided by the total fan flow rate).
Based on the flow-subtraction method, the leakage ratios in systems L1 and L2 are of 3%
and 17%, respectively. Though there is no direct relationship between the delivered
airflow rate and the system’s surface area, ASHRAE (1997, Chapter 32) provides typical
values of total fan flow divided by total duct surface area of 10 to 25 L's™ per m”. If we
assume that a large system has equal duct surface areas upstream and downstream of the
terminal units in supply ducts, and average operating pressures of 400 Pa and 15 Pa in
upstream and downstream sections, respectively (as observed for VAV system L3), and if
the leakage classes of the upstream and downstream section were 30 and 200,
respectively, the resulting leakage ratios would be in the range of 7 to 18%.

Franconi et al. (1999) have predicted a 65% increase in fan energy and a 10% increase in
cooling coil loads when 20% of the supply air leaks from the supply ducts of a variable-
air-volume (VAV) system. If the air leakage ratios reported in this study are
representative of California large commercial buildings, the energy losses due to air
leakage from ducts alone in statewide large commercial buildings would be significant.
Successful duct sealing for HVAC systems in large commercial buildings would reduce
the required fan airflow rates for conditioning without adversely affecting the indoor
quality, thus significantly reducing energy use. Such retrofits for 10% of the fans in
service in California’s largeﬁommercial buildings would result in energy savings in the
region of 35 GWh per year.

1.6 Conclusions

The field portions of this year’s research brought home a couple of key points. First, it is
clear that there can be significant duct air leakage in large commercial buildings, similar
to the duct air leakage that has been found in residences and light commercial buildings.
Although we cannot draw any conclusions about the population of buildings in California
based upon the few buildings that we tested, it is clear that there can be significant
leakage, and that there are large variations in leakage levels between and within
buildings.

* This is based on the assumption—inferred from the work of Franconi et al. (1999)—that 50% of the fan
energy can be saved, and a floor-area based ratio of the fan energy consumed in large commercial
buildings. In the U.S., these buildings represent 44% of the total floor area in commercial buildings.
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The situation with respect to duct-system conduction losses (including convection and
radiation losses) in large buildings is similar to that for air leakage. The duct-system
temperature changes associated with these losses were clearly shown to be well above the
“designer’s rule of thumb” of 1 °F, ranging between 0.3 °C and 6.2 °C (0.5 to 11.2 °F) for
branches without “induction” units. As conduction losses have been shown to have
energy impacts similar to those for leakage, it is clear that the energy savings potential
associated with the losses is also significant. Moreover, our data and analyses also
indicate that the energy savings associated with the use of VAV systems is being
systematically reduced by conduction losses. Specifically, as the flow and velocity
through the ductwork is reduced by the VAV dampers, the conduction losses increase,
which forces the VAV dampers to open further to increase the flows to meet the loads.

Characterization of the thermal performance of large commercial systems was more
difficult and complicated than that of small systems. Large systems studied had much
wider ranges of leakage classes, specific ELA;s, and operating pressures than those of the
small systems did. Duct sections downstream of terminal boxes had average operating
pressures similar to the average operating pressures observed in the small-building
systems. The magnitude of temperature drops and rises were likely to increase with duct
length in large and small systems.

1.7 Recommendations

Based upon these findings, it is also clear that we are just scratching the surface with
respect to quantifying and addressing duct air leakage issues in this building sector, as the
number of buildings that we have characterized remains small, while the diversity and
complexity within this building sector remains large. More field characterization is
needed to improve our knowledge on the duct system performance, especially in the large
commercial systems. In addition, based upon our earlier analysis of the energy
implications of the duct air leakage, it is clear that it is worth continuing our pursuit of
energy savings by means of duct sealing in large commercial buildings.

The conduction problem, which is something that merits further investigation, would
need augmentation and application of analysis tools, and including diagnostic and
improvement technology. Most likely, the largest impact in this area will come in the
new-construction area.

The key recommendation with respect to small buildings based upon this year’s work is
that diagnostic tools need to be improved to provide quick, accurate diagnoses of
performance. This stems from our observation of a significantly different level of leakage
in this year’s sample of buildings, and the fact that our measurements continued to take
too long to perform.
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2 Evaluation of duct performance in the non-residential
portion of the California’s Energy Efficiency Standards
for Residential and Non-Residential Buildings (Title 24)

2.1 Introduction

After approximately a decade of research in the area, the impacts of duct performance on
building energy use have recently been incorporated into the California Title-24
Residential Energy Standard, a major milestone for the standards (requiring some in-situ
performance testing) and for the researchers working in this area. More recent field
studies have indicated that duct systems in light commercial buildings are typically more
leaky than those in residential buildings (Cummings 1998; Delp et al. 1998a; Delp et al.
1998b), and that the duct air leakage levels in large commercial buildings may be
comparable to those in residential systems (Fisk et al. 1998). In addition, energy
performance analyses predict significant opportunities for energy savings and capacity
improvement associated with sealing duct air leakage in commercial buildings (Delp et
al. 1998c¢; Franconi et al. 1998). This study presents information pertinent to
incorporating duct impacts on building energy efficiency into the Title-24, Non-
Residential Building Energy Standards.

2.1.1 Background

Duct system inefficiencies, particularly duct air leakage, have been the subject of
considerable research over the past ten years. The vast majority of the research has been
focused on single-family residential buildings (Cummings et al. 1990; Davis 1993; Jump
and Modera 1994; Modera 1993; Modera and Jump 1995; Parker 1993; Proctor et al.
1992). The general consensus that evolves from reading those papers is that residential
duct systems have considerable leakage (10-20% of fan flow on each side of the fan), and
that that leakage has important impacts on energy use and cooling capacity.

Over the past few years, several field studies of duct air leakage in light commercial
buildings (generally less than 930 m%, or10,000 ft*) have been conducted in California
and Florida (Cummings 1998; Delp et al. 1998; Delp et al. 1998a). These field studies
suggest that duct air leakage in these buildings is actually higher than that found in
residences, the average leakage in the supply ducts being 26% of fan flow.

The duct air leakage situation in large commercial buildings, defined as buildings larger
than 930 m” (10,000 ft*) that use continuous fan operation during occupied hours, is less
clear. Leakage rates have been measured in very few large commercial buildings.
Although the existing data is limited, it is clear that some fraction of these buildings have
significant (i.e., over 10%) duct air leakage. A recent field study of large commercial
buildings in California determined their effective leakage areas per floor-area values to be
comparable to the values measured for residences (Fisk et al. 1998).

Results from the commercial-building field characterization studies have been used to
estimate the impact of sealing leaky ducts. These performance analyses predict
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significant opportunities for energy savings and capacity improvement associated with
sealing duct air leakage in the commercial building market (Delp et al. 1998c; Franconi et
al. 1998).

2.1.1.1 Compliance

The California Code of Regulations (Title-24, Part 6) states that all non-residential
buildings subject to Title-24 shall be designed, constructed, and installed to comply with
energy efficiency requirements. Compliance with requirements is determined by either a
prescriptive or performance analysis approach. Compliance using a prescriptive approach
is based on the proposed building having an envelope, space-conditioning system, hot-
water heating system, and lighting system that meet minimum component performance
specifications. Compliance using the performance approach is based on an energy budget.
To comply, the energy use of the proposed building must be no greater than that
determined for the standard building in the same climate zone. The standard building is a
building physically similar to the proposed building but specified with energy-use
components that meet the performance requirements outlined in the prescriptive
compliance approach.

To evaluate non-residential compliance with the performance approach, two software
packages are commercially available - Perform95 and EnergyPro. The programs are
available through CEC and Martyn Dodd/EnergySoft, respectively. Both programs serve
as a front-end to the building simulation program DOE-2.1E (Winkelman et al. 1993).
DOE-2.1E is an hourly, whole-building energy analysis program that calculates energy
performance and life-cycle economics.

To evaluate compliance with either of the two commercially available tools, the user
enters data describing the proposed building. Based on the input data, a building
description file is created for the proposed building and the corresponding standard
building. The DOE simulation is run for the two buildings. If the proposed building’s
energy use is less than that of the standard building, compliance is met.

2.1.1.2 Alternative calculation methods

Interested vendors can develop and market tools for Title-24 compliance. To be
considered for CEC certification, the tool must meet the analysis specifications outlined
in the Alternative Calculation Method (ACM) Approval Manual (CEC 1998). As part of
the certification, the ACM must be tested to check modeling accuracy. Accuracy is
determined relative to the reference computer program, DOE 2.1E. This involves
seventy-six conformance tests involving several building prototypes, climate zones, and
design/system permutations, to be completed. The tests are designed to systematically
vary one or more features that impact building energy use.

2.1.1.3 Reliance on DOE 2.1E

The ACM Manual does not require that compliance tools use the DOE 2.1E program to
perform the compliance analysis. The requirement is only that the performance
differences between the proposed and standard buildings be within 15% of the DOE 2.1E
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results. However, the two compliance tools currently commercially available do use the
DOE-2.1E program for their performance calculation engine. Therefore due to the
reliance of the ACM conformance testing procedures and existing ACM programs on the
DOE 2.1E computer simulation program, it is inherent that this study examine the duct
air leakage modeling capabilities and accuracy of DOE-2.1E.

2.2 Obijective

The objective of is to outline a strategy for getting duct performance recognized within
the Non-Residential portion of the California’s Energy Efficiency Standards for
Residential and Non-Residential Buildings (Title 24). Currently, the performance
impacts of duct air leakage and duct-conduction heat-transfer are not considered in the
non-residential standards.

2.3 Approaches

In secti we commence with a review of duct conduction and leakage concepts. In
section [2.3.2] the modeling capabilities of the DOE 2.1E computer simulation program
are described. Section 2.3.3]presents guidelines for using these modeling features in DOE
2.1E. The modeling procedure for several configurations of ducts and leakage zones are
explained. Section [2.4|discusses the limitations associated with the duct performance
algorithms currently present in the DOE 2.1E program.

2.3.1 Heat conduction and air leakage through ducts

To understand the benefits and limitations of different methods for evaluating the impacts
of duct performance on building energy efficiency, it is helpful to be familiar with the
underlying principles that drive conduction and air leakage to/from ducts. A brief
overview is presented here. A more detailed description of these effects can be found in
(ASHRAE 1997a; ASHRAE 1997b; Franconi et al. 1998).

2.3.1.1 Heat conduction through ducts

Although the heat transfer across the duct surface is referred to as duct conduction in this
report, the heat transfer is dependent not only on conduction through the insulation, but
also on convection and radiation on the outer and inner surfaces. In the introductory
analysis presented below, radiation effects are neglected.

The overall duct heat-transfer coefficient is dependent on the duct conduction and air
convection heat transfer resistances (neglecting radiation). The overall duct heat transfer
coefficient can be determined from the sum of the reciprocals of the resistances
associated with the conduction and convection layers. This can be expressed as

7/ L S S ©6)

e and conv,exterior
The conduction resistance of the duct wall is dependent on the duct construction material,
thickness, and insulation R-value. The convection resistance of the external flow
assuming laminar flow characteristics is dependent on the temperature differential and the

conv,interior
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duct diameter (ASHRAE 1997a). The convection resistance of the internal flow,
assuming turbulent flow characteristics, is dependent on the air velocity and duct
diameter (ASHRAE 1997a). The steady-state heat transfer rate is dependent on the total
duct heat transfer coefficient and the temperature difference between the air inside the
duct and the air surrounding the duct. The heat transfer rate from the ducted supply air to
the exterior air across the duct wall is equal to
Q=UA,,, (T

exterior _Tinterior ) * (7)
The higher the resistance associated with the convection and conduction layers, the lower
the heat transfer coefficient and heat transfer rate. For uninsulated ducts, the resistance

from the convection layers is generally greater than that from the conduction layer.
2.3.1.2 Duct air leakage

The functional form usually used to describe the relationship between the pressure in a
duct and the flow through the leaks in ducts is a power law:

CFM = C Aanuc'tta Space * (8)

Eq. (8)[states that the duct air leakage rate is proportional to the pressure difference
between the duct and surrounding space raised to the power of n. According to the
equation, higher system pressures lead to higher duct air leakage rates.

When testing ducts for leakage by fan pressurization, a known measured pressure
differential is applied, and the flow required to maintain that pressure differential is
determined by using a calibrated fan. By using several data points for CFM and Ap, one
can solve for C and n. For leaks that look like orifices (e.g., holes), n is 0.5, whereas for
leaks with some length (lap joints between duct sections) » is approximately 0.6.

2.3.1.2.1 LEAKAGE WITH CONSTANT-AIR-VOLUME FAN CONTROL

In air distribution systems with constant-air-volume fans, the pressure in the duct is
typically not actively controlled. The pressure at the fan exit is dependent on system flow
rate and fan performance characteristics. The pressures across the leaks in the ducts can
be related to the pressure drop through the downstream section of the duct after the fan.
Assuming a linear pressure drop through the duct, and that the zone supply-air exits the
diffuser and enters the space at ambient pressure, the average pressure in the duct equals
half the pressure drop through the duct. If turbulent flow is assumed, the airflow rate
affects the duct pressure drop according to the square law. This pressure-flow relationship
can be expressed as

— Ap Duct (CFMd”"t )2

Ap Ducts—Space — B B (9)
If large holes are assumed in the ducts, n = 0.5 in Eq. Assuming all air leaks from the
duct half-way through the duct, Eq. can be substituted into Eq. to solve for the
leakage rate as follows:
CFMleak = ClAp:)bSucts—Space) = C2 CFMduct : (10)
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In this rough simplification, the leakage ratio remains fixed regardless of system flow rate
and fan pressure. This result assumes that

duct air flow is turbulent,

the pressure drop across all system components follows a square law,
duct pressure drop is linear along the length of the duct,

all duct air leakage occurs in the middle of the duct run, and

all leaks have a pressure exponent of 0.5.

While these assumptions are plausible for constant volume systems, they are not
consistent with the conditions produced by variable-air-volume systems as described
below.

2.3.1.2.2 LEAKAGE WITH VARIABLE-AIR-VOLUME FAN CONTROL

Some air-distribution systems have active pressure and fan-flow controls. This is typical
of variable-air-volume (VAV) systems. In VAV systems, maintaining a constant static
pressure at some point in the duct system upstream of the VAV boxes typically controls
system flow rate. The fan speed and power vary to maintain the pressure set point in
response to fluctuations in VAV zone box flow rates and damper resistances. As a result,
the pressure upstream of the zone boxes (strictly only at the pressure controller) is
unaffected by damper position and flow rate. This means that duct air leakage occurring
at this point in the duct system will have the same flow rate at design as at part-load fan
operation.

The system pressures downstream of the VAV boxes are much more dramatically
influenced by the positions of the zone box dampers, where each zone damper modulates
in response to the room temperature and the thermostat set point. Thus, downstream of
the zone boxes, the duct pressure will vary similarly to that for constant air volume
systems. Thus for VAV systems, it may be most appropriate to assume some leakage
occurs at a fixed rate and some leakage occurs at a fixed fraction of supply air (Franconi
et al. 1998).

2.3.1.3 Fan performance

Electric fan power is dependent on the flow through the fan, the total pressure rise across
the fan, the motor efficiency, and the blade efficiency. The pressure rise across the fan
must be sufficient to overcome the pressure drop in the system. The system pressure drop
is composed of four major components: duct and duct-like elements (dampers, fittings,
etc.), coils, filters, and the static-pressure set-point (which is “used” by the VAV boxes
downstream.)

Duct and duct-like pressure drops increase as a function of the square of the flow through
them. If ducts were the only component in the system, the fan power would be a cubic
function of the flow through the system. Filters and coils usually follow a power-law
functional relationship between pressure drop and flow. For these elements the pressure
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drop is proportional to the flow raised to 1/n. If one of these items were the only one in
the system, the fan power would be a function of the flow raised to the power (1+1/n): T]

_CEM'"
—c

AP (11)

Knowing the design flows and pressure drops (along with the appropriate n’s) it is
possible to plot the system pressure drops over a range of flows. If the system resistance
changes due to changes in zone box damper positions (as in VAV systems), the plot
would consist of a family of system curves. Each system curve presents the pressure-
drop/flow relationship for a fixed system resistance.

When the system performance curves are plotted along with fan performance curves on
flow versus pressure plots, the curve intersections show the unique system operating
points. From intersection data, a polynomial expression can be developed to express the
fan power as a function of flow rate for the system.

In many hourly simulation programs, including DOE-2, the fan performance subroutines
are based on a third-order polynomial relating fan power to fan flow part load ratio. The
form of the equation is
FPR=C,+C,-PLR+C, -PLR> +C, - PLR’, (12)
where FPR, the fan power ratio, is the ratio of the fan power at that time to the fan power
under design conditions; PLR, the part load ratio, is the ratio of the fan flow at that time
to the fan flow under design conditions; and Cj ...C; are constant coefficients for the
curve fit. Determination of these coefficients depends on the pressure drop and flow
characteristics of the system.

2.3.2 DOE-2 duct air leakage and conduction modeling

For the last twenty years, the U.S. Department of Energy has supported development of
the DOE-2 computer simulation program. The program consists of hundreds of
subroutines working together to simulate mass and energy flows in a building (Crawley
et al. 1998). The last major revision of the program available to the public is DOE 2.1E.
Within each major revision, minor improvements and bug fixes are made periodically.
The most recent updates for the DOE 2.1E program are included in version 131.

Recently, new major revisions to the DOE-2 program have been made. The release of the
DOE 2.2 program is imminent. In DOE-2.2, many of the programming improvements
affect plant equipment modeling (Hirsch, personal communication). Also being
developed is a computer simulation program that combines the best of DOE-2 with
another building simulation program, BLAST. The U.S. government has supported
development of both building simulation programs since the 1970s. The main difference
between the programs is the building load calculation method. DOE-2 uses transfer
functions and weighing factors while BLAST uses an energy-balance approach. The new

> The value of n varies from 0.5 to 1. This bounds the fan power as somewhere between a square and a
cubic function of fan flow.
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combined-program, called EnergyPlus, is presently in a beta-test form developed for in-
house testing purposes.

In early versions of DOE 2.1E, versions prior to 110, the program’s duct conduction and
leakage modeling capabilities were limited. In these versions, the energy associated with
the duct air leakage was not accounted for in an energy balance. To model duct
conduction, the capabilities of these early versions of 2.1E are also limited. For these
versions, duct conduction is not modeled using fundamental heat transfer relationships as
presented in equation Instead, duct conduction is modeled by specifying a constant
average duct air temperature increase (DUCT-DT). The DUCT-DT is added to the
system supply air temperature for each hour of the year. Adjustments are not made to the
DUCT-DT value to account for changes in the heat transfer rate due to the fluctuations in
the temperature of the air surrounding the ducts.

Improved duct air leakage modeling is available in DOE-2.1E versions 110 and higher.
The following section describes the keywords pertinent to these versions of the program.
Since current Title-24 conformance tools use DOE 2.1E, incorporating these modeling
capabilities into the existing tools is trivial.> The keywords available in DOE 2.1E
versions 110 and higher are the same keywords used in the soon-to-be-released DOE 2.2
program. However, the duct heat transfer algorithm in DOE 2.2 is improved and based on
a true heat exchanger model (Hirsch, personal communication).

2.3.2.1 DOE 2.1E modeling keywords and description

The keywords listed in [Table 11]are used to model duct performance in DOE-2.1E
version 110 and higher. The keywords are pertinent for modeling duct air leakage and
conduction heat transfer from the supply-air ductwork. The keywords are contained in the
SYSTEM-AIR and SYSTEM commands in the DOE-2 systems subprogram.

Table 11. Keywords for DOE 2.1E versions 110+ related to duct performance.

% Based on personal communications during February 1999 with Martyn Dodd of Gabel Dodd/EnergySoft,
LLC, Novato, CA.
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SYSTEM-AIR Keywords Description

Duct-Air-Loss Fraction of supply air lost to the PIPE&DUCT-ZONE. Fraction is
specified with respect to the system SUPPLY-CFM, which is the
fan flow rate. The leakage ratio is the same for design and part-
load flow operation.

Duct-DT DUCT-DT accepts a positive value that defines the average
or temperature rise in the duct when cooled air is delivered under
Duct-UA design conditions. If duct-DT is specified, its value is used to

calculate the duct conduction heat transfer coefficient, DUCT-UA.
duct-UA can also be input directly. DUCT-UA is the overall duct
heat transfer coefficient as defined in Eq. [6)]

HOT-DUCT-DT HOT-DUCT-DT and HOT-DUCT-UA apply only to the hot duct in
or a dual duct system. Single duct systems use DUCT-UA to
HOT-DUCT-UA determine duct conduction losses. HOT-DUCT-DT accepts a

negative value that defines the average temperature drop when
heated air is delivered under design conditions. The value is used
similarly to DUCT-DT to calculate the HOT-DUCT-UA.

SYSTEM Keywords Description

Pipe&Duct-Zone Space name that ductwork is in. The space receives the energy
and mass transferred from the duct. It may be an unconditioned
space or a plenum

The keywords in Table 11 lead to enhanced modeling capabilities from earlier versions of
the DOE-2.1E program. The duct heat transfer calculation is improved and duct air
leakage into a plenum or unconditioned zone can now be modeled. The destination of the
energy associated with duct conduction losses and air leakage is taken into account.
Specifically, the keywords can be used to model duct conduction and air leakage in
single-duct systems as follows.

DucT HEAT TRANSFER. The overall duct heat transfer coefficient can be input directly as
DUCT-UA or determined from the DUCT-DT value for design conditions. Since the heat
transfer coefficient is used in DOE 2.1E v. 110 and higher, the temperature change of the
supply air is no longer fixed for every hour of the year. Instead, the heat transfer rate is
explicitly calculated from the DUCT-UA and the temperature difference between the
supply air and the PIPE&DUCT-ZONE. The temperature rise of the supply air is
dependent on the duct heat transfer rate and the supply airflow rate. Thus, while the
DUCT-UA is constant, the supply air temperature rise will be different for different part-
load flows. In addition, for a given flow (assuming a fixed supply air set point
temperature after the cooling coil), the supply air temperature rise may differ as a result
of temperature variations in the ducted space (the PIPE&DUCT-ZONE). The duct heat
transfer rate and duct air temperature increase (or decrease) will vary according to the
actual temperature potential driving the heat transfer process. The amount of heat
transferred from the duct is taken into account in the energy balance for the
DUCT&PIPE-ZONE specified. For a CAV system, the design flow is increased to
account for a higher supply air temperature resulting from conduction occurring under
design conditions. For the VAV system, the flow rate of air that is delivered to the zone is
dependent on the supply air temperature and the zone load. The supply air temperature
into the zone box is equal to the supply-air-temperature set point plus the conduction
delta-T. Thus, if the supply air set point is 55F and the heat added from duct conduction
accounts for an increase in 2 F, the air going into the zone box is 57 F. To meet the same
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zone load with a higher temperature air stream requires greater airflow. For this case as
described, the VAV flow is increased to meet the load in DOE-2.

DucT AIR LEAKAGE. In DOE 2.1E, the supply-duct air-leakage ratio is fixed for design
and off-design flow conditions. The fraction is specified with the keyword DUCT-AIR-
LOSS. DOE 2.1E versions 110 and higher allow leakage to be modeled to an
unconditioned space or plenum. If a plenum is specified as the DUCT&PIPE-ZONE, the
mass and energy transferred from the duct due to air leakage is accounted for in the
plenum energy balance. Through the energy balance, the leakage (and conduction) affect
the temperature of the plenum. Thus, the heating and cooling loads of conditioned zones
adjacent to the plenum may also be affected. These secondary effects on loads can be
accounted for in DOE 2.1E. With a plenum serving as the DUCT&PIPE-ZONE, the type
of return can also affect system performance. If an open-plenum-return is modeled, the
leaked air is recycled to the heating, ventilation, and air-conditioning system (HVAC)
system. If a ducted return is modeled, the leaked air is not recycled to the system.
Modeling a ducted return is similar to modeling leakage to an un-conditioned space. For
a CAV system, the design flow is increased to account for a higher supply air temperature
resulting from conduction occurring under design conditions. For a VAV system, the
design flow is also increased to account for a higher supply air temperature. For off-
design flow, the flow is increased to meet zone loads with higher temperature air. This
results in increased fan energy use.

The only difference between a ducted return and a open-plenum return is that the return
air has different characteristics. There is no difference on the supply-side. For a ducted
return, the return airflow and temperature is the same as that for a system without leaks.
It is like modeling leakage to an unconditioned space. For an open-plenum return, the
plenum energy balance accounts for leaked air (which is returned to the system) and duct
conduction. The plenum energy balance results in an increase in the return air flowrate
and a decrease in the return-air temperature.

In summary for DOE-2.1E versions 110 and higher, supply-duct conduction is modeled
using a duct heat transfer coefficient. The coefficient value is fixed for all simulation
hours. This means that the supply-air temperature rise varies between design and part-
load flow conditions. The supply-duct air leakage rate is specified as a fixed fraction for
design and off-design fan flow. The ducts may be modeled in an unconditioned or plenum
space. For a plenum space, the mass and energy transferred from the supply ducts is
accounted for in the plenum energy balance. With ducts located in a plenum, the return
can be modeled as an open-plenum or ducted return. With an open-plenum return, the
leaked air is returned to the system. With a ducted return, the leaked air does not return to
the system. For more technical details on modeling duct conduction and air leakage in
DOE-2.1E versions 110 and higher, see the updated section of the DOE-2 manual that
introduces these new program capabilities (Hirsch 1996).

2.3.2.2 Modeling limitations

The duct-loss algorithms in DOE2.1E version 130 were tested as part of the research
conducted for this report. Although the duct loss algorithms for DOE-2.1E versions 110
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and higher are more sophisticated than earlier versions, the testing revealed distribution
system sizing problems related to modeling duct air leakage in the 2.1E program. Since
then, 2.1E version 131 has been released, which is supposed to have the duct-loss-related
program bugs fixed.

Although versions 110 and higher have the latest duct loss modeling capabilities, there
exist limitations on modeling all types of loss configurations with the program. The basic
limitations of DOE 2.1E’s modeling capabilities are described below. A more detailed
account of the program’s modeling limitations and algorithm inaccuracies based on
commercial building simulation results are presented in Section

The duct air leakage rate is modeled as a fixed fraction for all flow rates. This is a rough
assumption for CAV systems and an inaccurate assumption for VAV systems. This may
not be the case in actual systems. Duct air leakage rate is dependent on the location of the
leaks relative to the VAV boxes, the duct-system operating pressure, and the fan flow
control method.

The impact that leaks have on fan power in DOE-2 is also based on simplifying
assumptions. Since the fan power part-load-ratio quadratic expression is the same for
modeling leaks or no-leaks, the model effectively assumes that all leaks occur at the end
of the duct run.

In commercial buildings, the controls of the supply-air fan and the return-air fan are often
linked in VAV systems or initially calibrated in CAV systems to prevent building
pressurization. For distribution systems with leaks, this can actually result in the system
depressurizing the building. For example if a system has many leaks on the supply side of
the system with air lost to the plenum, the supply flow rate to the zones will be less than
the return flow rate from the zones. This will cause the building to be depressurized and
will result in an increase in the infiltration rate to the conditioned zones of the building.
This phenomenon is not explicitly modeled in DOE-2.

The imbalance between supply air and return air flow due to duct air leakage necessitates
that make-up air be provided to the supply fan. In actual buildings, the make-up air may
be relatively warm if it is pulled from a plenum outside the conditioned building space. In
DOE-2, the impact this has on the cooling coil load can not be accounted for with a
ducted return since the make-up air comes from the outdoors.

Duct conduction and leakage is modeled for the supply-air ducts only. Keywords to
model duct loss of the return-air stream are not available.

The total duct heat transfer coefficient is fixed for each hour of the simulation. Based on
empirical relationships for calculating the duct convection resistance, the heat transfer
coefficient may actually vary. The convection components of the heat transfer
coefficients are dependent on distribution system airflow rate and the internal-external
air-temperature difference.
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The radiant component of the duct thermal losses is not currently being accounted for.
For ductwork located in an unconditioned space such as an attic, the effect of radiation
may be significant (Hirsch 1996).

In the duct heat transfer calculation in DOE 2.1E, the duct air temperature is based on the
average supply-air temperature. In actual systems, the temperature of the duct will vary
along its length. Thus, the heat transfer rate is more accurately determined using a log-
mean temperature difference value or a method akin to those developed for heat
exchanger analysis. In DOE 2.2, the heat exchanger analysis approach is used. In DOE
2.1E, it is not.

With respect to system coil loads, all duct air leakage occurs after the central coils and
before the reheat coils. In actual buildings, reheat energy may be impacted by duct air
leakage downstream of the zone boxes and coils.

The lost energy and mass from the supply duct is accounted for in a single building
space. In actual commercial buildings, duct loss may occur in several spaces such as an
equipment room and a return-air plenum, or in an unconditioned ceiling plenum for the
top story and conditioned ceiling plenums for the lower stories. The duct loss to a zone is
not necessarily assigned to the zone the air is being delivered to. For each system, supply
duct air leakage and conduction energy is accounted for in an energy balance for “one”
space. For example, it can leak to Plenum-A. It can not leak to Plenum-A and Plenum-B.

Ductwork can not be modeled in an appropriate manner for a conditioned building space.
2.3.3 DOE-2.1E duct air leakage modeling guidelines

While the basic keywords related to modeling duct air leakage are outlined in section
there are other DOE-2 keywords that should be noted to ensure proper and
consistent modeling of duct heat transfer and air leakage. In general, when applying the
keywords to non-residential compliance, the values of the keywords below should be the
same for the proposed and standard building in the DOE-2 model. If performance credit
is desired for properly sizing equipment after sealing leaks, the values will differ between
the proposed and standard building in the evaluation. For example for sealing and
resizing, the keywords describing duct air leakage rate, supply-air design flow-rate, and
supply-fan power at design conditions will have different values for the proposed and
standard building models.

2.3.3.1 Additional keywords that impact duct performance modeling

The duct-loss related keywords in [Table 12|and [Table 13|are part of the system simulation
subprogram in DOE-2.1E. In Table 4.1, the listed keywords are contained under ZONE
commands. In Table 4.2, the listed keywords are contained under SYSTEM commands.
The tables are organized by the command name under which the keyword is contained.
The implications column states the role the keyword plays on duct conduction and
leakage modeling in the program.

90



2.3.3.2 Modeling options

The keywords listed in [Table 11} [Table 12|and [Table 13|permit several possibilities for
modeling duct heat transfer and air leakage in DOE-2. Several basic modeling strategies
are outlined below.

In general, the building space that “receives” the duct heat transfer and leakage air is
specified with the PIPE&DUCT-ZONE keyword. Typically, this is a plenum or it may
also be an unconditioned space. If the plenum or unconditioned space is adjacent to
conditioned zones, the zone loads must be determined by specifying SIZING-OPTION =
ADJUST-LOADS for the conditioned spaces under the ZONE command. In doing so, the
zone will have its load calculations adjusted for changes in the plenum or unconditioned

Space temperature.

If the building has a plenum, the location of the insulation in the plenum space can
significantly impact building system energy use. Specifically for the top story of a
building, insulation located at the ceiling effectively places the ducts outside the
conditioned space while insulation located at the roof places the ducts inside the
conditioned space. Similarly, the air-tightness of the roof deck relative to the ceiling can
also affect the thermal location of the ducts.

Table 12. ZONE Command Keywords that Impact Duct Loss Analysis.

ZONE-AIR Command

Description

Implications

ASSIGNED-CFM or
CFM/SQFT

Design supply-air flow rate to
the zone. If omitted, the
program calculates value
based on peak loads
determined from the LOADS
program.

The sum of the zone flow rates
plus the duct air leakage rate
equals the system SUPPLY-
CFM, which is the fan flow
rate.

OUTSIDE-AIR-CFM or
OA-CFM/PER or
OA-CHANGES

Outdoor air ventilation rate
when fans are operating,
specified at the zone level.

If fans are resized when leaky
ducts are fixed, the outdoor-air
flow rate may decrease if the
outdoor-air, inlet-aperture area
is fixed.

ZONE Command

Description

Implications

SIZING-OPTION

Specifying ADJUST-LOADS
causes the program to correct
the LOADS program
calculations to adjust the zone
load to account for
temperature fluctuations in

adjacent unconditioned zones.

Default is FROM-LOADS

Specifying ADJUST-LOADS is
required for analyzing duct air
leakage when the
PIPE&DUCT-ZONE is
adjacent to conditioned zones,
which is almost always the
case.

2.3.3.2.1 OPEN PLENUM RETURN

When a ZONE-TYPE = PLENUM is specified, the return air path defaults to an open
plenum return. In an open plenum return, the return is not ducted and the zone air returns

to the HVAC system via the plenum. When modeling duct loss from supply ducts located
in the plenum, the keyword PIPE&DUCT-ZONE should be set to the name of the plenum
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zone. In doing so, energy from supply-duct conduction-losses and air leakage impact the
energy balance of the plenum and the plenum space temperature.

With an open plenum return, air leaked and energy lost from the ducts are recycled to the
return air stream and back to the HVAC system. The recycle lessens the impact of supply
duct heat transfer and air leakage on system coil loads.

2.3.3.2.2 DUCTED RETURN THROUGH PLENUM

Commercial building ducts often run through plenums that are not open-plenum returns.
If the supply and return are ducted and the ducts are located in a plenum, a different
modeling strategy is required than the one outlined above. For the case of a ducted return
through a plenum, the plenum space should not be modeled as a ZONE-TYPE =
PLENUM. Instead, it should be modeled as a ZONE-TYPE = UNCONDITIONED.
Modeling the plenum as an unconditioned space allows the user to specify the RETURN-
AIR-PATH keyword to be DUCT without its value being overwritten.
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Table 13. Command Keywords that Impact Duct Loss Analysis.

SYSTEM-CONTROL Description Implications

Command

COOL-SET-T The control set-point for If not specified, it will default to
cooling when COOL- the MIN-SUPPLY-T value
CONTROL=CONSTANT. ltis corrected for duct thermal
the supply air temperature out | loss. Thus, do not specify its
of the air handler. It includes value when simulating duct
any added heat from the fan. loss.

MIN-SUPPLY-T Supply air temperature User must put in a reasonable

entering the zones under
design conditions. General
default is 55°F (system

value if duct thermal losses
are modeled. It is used to
determine DUCT-UA when

dependent). DUCT-DT is specified. It
equals COOL-SET-T plus
DUCT-DT. Itis not used in any
hourly simulation calculation.
SYSTEM-AIR Command Description Implications

MIN-OUTSIDE-AIR

Outdoor air ventilation rate
when fans are operating,
specified at the system level.
Value expressed as fraction of
SUPPLY-CFM.

If fans are resized when leaky
ducts are fixed, the outdoor air
fraction may change. If the
outdoor-air inlet aperture area
is fixed, the fraction won’t
change. Any change in
outdoor air fraction should be
accounted for by adjusting this
value.

SUPPLY-CFM

Design capacity of the supply
air fan. Entry is normally
omitted. Value is determined
from zone flows at design
conditions.

Input actual value for existing
buildings. Program

proportions user-input values
of zone flows if also specified.

SYSTEM-FANS Command

Description

Implications

SUPPLY-KW

Fan power at design in units of
kW/CFM. Default value
dependent on system type.

Specify actual fan design
kW/CFM if desired.

SUPPLY-DELTA-T

Temperature rise in the air
stream due to fan
inefficiencies. Default value
based on system type.
Alternatively, if fan efficiency
and fan static-pressure
keyword values are specified,
temperature rise is calculated
from the two values.

If fan is resized after leaks are
sealed and SUPPLY-KW and
fan efficiency remains the
same, the temperature
increase will also remain the
same. Otherwise, user may
want to specify the value.
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Table 13 (continued) SYSTEM Command Keywords that Impact Duct Loss Analysis

SYSTEM-FANS Command
(continued)

Description

Implications

FAN-CONTROL

Keyword value may be
CYCLING, CONSTANT-AIR-
VOLUME, SPEED, INLET,
DISCHARGE, or TWO-
SPEED. Selects the fan part-
load-ratio power curve.

For a given control type,
program uses the same fan
power-flow relationship for
systems with or without
leakage. This effectively
assumes that all leaks occur at
the end of the duct run. To
adjust fan performance for
leakage, new fan power
curves must be developed and
defined in DOE-2.

INDOOR-FAN-MODE

Keyword value may be set to
CONTINUOUS or
INTERMITTENT. Intermittent
operation available for RESYS
and PSZ systems only.

To model cycling supply fan
operation, set INDOOR-FAN-
MODE to INTERMITTENT and
FAN-CONTROL to CYCLING.

SYSTEM Command

Description

Implications

RETURN-AIR-PATH

Keyword value may be
DIRECT, DUCT, or PLENUM-
ZONES. If a zone-type
PLENUM is modeled,
RETURN-AIR-PATH defaults
to PLENUM-ZONES.

With leaky ducts, the type of
return air path strongly affects
HVAC energy use. Specifying
keyword value as PLENUM-
ZONES causes leaked air to
return to system else air is lost
to unconditioned space.

COOLING-CAPACITY or
HEATING-CAPACITY

Central cooling coil or central
heating coil capacity in
Btu/hour.

The coil capacity should be
the same for systems with or
without duct loss unless
equipment is resized.

% Hours Zones Outside of
Throttling Range

Output value provided in
BEPS report - Value can
become large for undersized
systems with duct air leakage.

With a ducted return, the air leaking from the supply ducts does not return to the space-

conditioning system. Therefore, the duct air leakage not only has a stronger impact on fan
energy consumption but also a stronger impact on HVAC system cooling and heating coil
loads, which should increase loads in some zones and decrease loads in others, even more
so than is the case for plenum returns.

23323

INTERMITTENT FAN OPERATION

An undocumented feature of DOE-2.1E is its ability to model intermittent indoor-fan
operation. This type of operation is common in residential and small commercial systems.
With intermittent fan operation, the distribution system fan (or fans) cycles on when the
controlling zone temperature is outside the set point throttling range. When the zone set
point is achieved, the fan cycles off. It should be noted that while this type of system is
found in small buildings, it does not maintain a continuous fresh air supply to the

occupants.
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Intermittent, indoor-side fan operation (as opposed to outside, compressor fan) can be
modeled for two systems in DOE-2: the residential system (RESYS) and the packaged
single zone (PSZ). To model intermittent operation, two keywords must be set
appropriately under the SYSTEM-FANS command. The keyword FAN-CONTROL must
equal CYCLING and the keyword INDOOR-FAN-MODE must equal INTERMITTENT.
FAN-CONTROL simply selects the proper part-load-ratio fan performance curve.
INDOOR-FAN-MODE actually sets the system controls for intermittent operation.

2.3.3.2.4 OUTSIDE AIR VENTILATION

Another consideration in the accurate modeling of the impacts of duct air leakage is
outside air ventilation rate. There are several methods of specifying building fresh air
requirements in DOE 2.1E. One method uses the keywords in the ZONE-AIR command
in the Systems subprogram. The other method uses the keywords in the SYSTEM-AIR
command in the Systems subprogram.

Using the outside-air keywords under the ZONE-AIR command allows a fixed
volumetric flow rate of outside air entering the zone to be specified. The outdoor airflow
rate does not change even if the supply-fan flow rate changes. Specifying outdoor airflow
rates using the zone keywords ensures that specific ventilation rates established by
building codes and standards are met. Yet assuming that these rates are met may not
necessarily be true for actual buildings. Unless carbon dioxide (CO,) sensors or other
sophisticated controls are used to control the outdoor airflow, it is more typical that the
outdoor airflow rate is a fixed fraction of the supply-fan flow rate.

More realistic modeling of typical building behavior may be achieved by specifying the
fraction of outdoor air under the SYSTEM-AIR command (versus flow rate under the
ZONE-AIR command). The keyword MIN-OUTSIDE-AIR contained in the SYSTEM-
AIR command is the outdoor airflow rate expressed as a decimal fraction of the supply-
fan airflow rate. A fixed fraction of outdoor air is supplied to an actual building when
there is a fixed outdoor-air aperture area at the air-handling-unit inlet.

In general, for a system with leaks, the supply-fan flow rate will be greater than that for
the system operating without leaks. For an air-handling unit with a fixed aperture at the
outdoor-air inlet, the outdoor-air fraction will be the same whether the system operates
with or without leaks. In order to achieve the same absolute outdoor-air flow rate after a
leaky system is sealed and its flow rate reduced, the outdoor-air aperture area must be
widened. If a CO, sensor or other device is used to control outdoor-air flow rate, the
outdoor air fraction may increase when leaks are sealed. To accurately assess the impact
of fixing leaky ducts, knowledge of the method and changes made to the outdoor-air
control must be known.

2.3.3.2.5 EQUIPMENT SIZING
Once a leaky system is sealed, additional performance improvements can be achieved by

replacing the original or base-case HVAC equipment with properly sized equipment. In
general, larger equipment sizes are required with leaky systems, because fan flow rates
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are higher and coil loads are greater. To evaluate the benefit of equipment resizing in
compliance analysis, the proposed building performance is compared against the standard
building performance. The standard building is the base case. It should be defined as
having a typical leakage level. Its system equipment size is specified based on the loads
associated with the building and the duct air leakage level. To take credit for resizing
equipment after sealing leaks in the proposed building, it should be modeled with a
reduced leakage level and smaller equipment. To model these changes in DOE-2.1E,
several keyword values will differ between the standard building run and the proposed
building run. The SYSTEM keywords affected by fan and coil resizing are fan SUPPLY -
CFM, coil COOLING-CAPACITY, and coil HEATING-CAPACITY. If the plant
equipment is also being resized, the keyword value for SIZE needs to be modified as
well. Other SYSTEM keywords that may be affected by equipment resizing include: fan
SUPPLY-KW, fan SUPPLY-DELTA-T, and system MIN-OUTSIDE-AIR.

Duct air leakage can have a larger impact on performance than one might expect.
Therefore, it is recommended that all compliance evaluation tools confirm that zone and
plant loads are met in both the standard and proposed building simulation runs. If the
specified sizes of fan, coil, or plant equipment are insufficient, loads will not be met and
zone temperatures will fall outside the comfort range. The Building Energy Performance
Summary (BEPS) is a DOE-2 output report. In the BEPS report, the percent of hours
outside the throttling range is stated. By checking this report, it can be confirmed that
zone loads are being met.

2.3.3.3 Upward compatibility

The DOE-2.1E keywords directly related to duct performance and listed in are
the same keywords used to model duct performance in DOE 2.2. Thus, with respect to
duct performance modeling, the DOE 2.1E program is upwardly compatible with DOE
2.2. Therefore, it should be a straight-forward matter to update the duct modeling
components of compliance tools from DOE 2.1E to DOE 2.2. Of course, upgrading
existing compliance tools to DOE 2.2 would require modifying the model input file to
account for other simulation program version updates.

Although the duct performance keywords are the same in DOE 2.1E and 2.2, the
algorithms used in the modeling are not. For instance in DOE 2.2, the duct conduction
calculations are improved and are based on a heat exchanger model. Therefore, updating
to the 2.2 program should result in some improvement in duct modeling.

2.4 Results

In general, light commercial buildings are envelope-dominated, while large commercial
buildings are internal-gain dominated. As a result, small building loads fluctuate more
with outdoor temperatures than large building loads do. Due to high internal gains, large
commercial buildings tend to have cooling loads throughout the year, particularly in
interior zones. To accommodate these differences in building loads, some distribution
systems are more appropriate for smaller buildings than for larger buildings. Differences
between systems impact how duct air leakage and conduction loss affect system energy
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consumption. In this subsection, the impacts of duct performance in light commercial
buildings are discussed. Limited analyses have been published describing the impacts of
duct performance in large commercial buildings. One such study found that sealing duct
leaks in a large office building with VAV, air-distribution systems decreased total HVAC
energy consumption by 14% and reduced fan energy consumption by 55% (Franconi et
al. 1998). The results are based on field measurements of system leakage area and
observed duct characteristics. The field values were used to determine leakage rate under
design conditions. An approximate duct air leakage model for VAV systems incorporated
into the TRANSY'S simulation program were used to calculate the impact of leakage on
performance. A comparison between large-building results obtained with DOE-2 and
with the TRANSY'S model used in the Franconi study was initiated during this project,
but was not completed, as it was beyond the scope of this project. Future work should
pick up where that work left off.

In this study, the capabilities and limitations of the DOE 2.1E version 131 computer
simulation program were explored by modeling two types of system operation in a light
commercial building. The distribution system modeled was a constant-air-volume, single-
zone device. For one type of operation, the system fan cycled. A CAV system with
intermittent fan operation is similar to the type systems that serve residential buildings.
For the other type of operation, the system fan operated continuously. This type of
operation is typical for medium and large commercial buildings. Comparing the two
types of system operation demonstrates the differences in their modeling concerns and
duct performance impacts.

2.4.1 Light commercial building analysis

The DOE 2.1E program (version 131) was used to evaluate the simulation tool’s
estimation of the impacts of duct air leakage on HVAC performance in a light
commercial building. The building modeled was a single-story, 4500 ft* office building
located in Sacramento. The distribution system was a single-zone CAV system with a
ducted return through the ceiling plenum. The building had R-11 insulation located above
the ceiling in the plenum space. The roof was uninsulated. The basic building simulation
model was developed from a DOE-2 building prototype developed by LBNL (Huang and
Franconi 1996, Huang et al. 1990). The prototype model is based on typical construction
materials, insulation levels, operating schedules, and occupant density determined from
Commercial Building Energy and Consumption Survey data compiled by the Energy
Information Agency (EIA) (EIA 1995).

The heating, cooling, and ventilation system was a packaged, single-zone unit. It does not
have an economizer cycle. For cooling, the unit uses a direct-expansion coil. Heating is
by natural-gas combustion. The supply-air fan is constant volume. Two types of fan
operation were modeled, intermittent (cycling) and continuous. For intermittent
operation, the supply fan operates only when the zone demands heating or cooling to
maintain the thermostat set point. For continuous fan operation, the fan continually
supplies conditioned air to the zone. The valves controlling the central heating and
cooling coils open and close as needed to maintain the zone temperature within the
throttling range.
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The ducted supply and ducted return air streams are located in a plenum space. Since the
return is ducted, energy from supply duct air leakage is not returned to the system. For
leaky systems with a ducted return, the DOE-2 model assumes that all make-up air is
supplied from the outdoors.

The simulation analysis includes typical and no leakage cases. The typical leakage rate is
set at 26 percent of the supply-air flow rate. This represents the average leakage rate
found in field studies of duct air leakage in light commercial buildings (Cummings 1998,
Delp et al. 1998a, and Delp et al. 1998b). In the simulation evaluation, no duct
conduction losses are modeled. For both leakage cases, the outdoor-air flow rate is fixed.

The DOE-2 simulation results for the small office located in Sacramento, CA are
presented in [Table 14]and [Table 15} [Table 14|presents sizing and annual performance data
for the building with and without duct air leakage (26% vs. 0%). The table also shows
results for a third case (0% resize) in which the leaks are sealed and the supply fan is
resized to deliver air at the building design flow rate. For the three cases, the heating and
cooling equipment and coil capacities are the same. Note that changing the flow rate
without changing the cooling capacity should change the temperature of the supply air.

Table 14. DOE-2 Duct air leakage modeling results for a small office in Sacramento.*

Fan Control Intermittent Fan Operation Continuous Fan Operation

Leakage Case 26% 0% 0% Resize 26% 0% 0% Resize

Cooling Capacity (kBtu/hr) 95 95 95 95 95 95
Heating Capacity (kBtu/hr) -155 -155 -155 -155 -155 -155
Supply Flowrate (CFM) 3450 3450 2553 3450 3450 2553
Zones Flowrate (CFM) 2553 3450 2553 2553 3450 2553
HVAC Peak Electric (KW) 16.4 13.4 13.9 16.4 14.8 14.1
Heating Gas (Mbtu/year 34 26.4 26.4 56.6 22.6 24.8
Cooling Electric (Mbtu/year 35.4 26.8 28.3 35.1 314 29.6
Fans Electric (Mbtu/year 9.3 6.9 6.7 28.3 28.4 21.0
Zone Loads Not Met % hours 0.8 0 0 0.9 0 0
Plant Loads Not Met % hours 0 0 0 0 0 0

Table 15. DOE-2 Duct air leakage modeling performance.*

Fan Control Intermittent Fan Operation Continuous Fan Operation

Leakage Case 26% 0% 0% Resize 26% 0% 0% Resize
HVAC Peak Electric 1.23 1.00 1.04 1.11 1.00 0.95
Heating Gas 1.29 1.00 1.00 2.50 1.00 1.10
Cooling Electric 1.32 1.00 1.06 1.12 1.00 0.94
Fan Electric 1.35 1.00 0.97 1.00 1.00 0.74

*Run results are for a one-story, 4500 square foot office building with a packaged, single-zone,
HVAC system. The system has a ducted supply and return through a plenum space. Ceiling
insulation equals R-11 and the roof is uninsulated. Supply air leakage rates are 26% and 0%. No-
leakage-with-resize has supply fan flow equal to design zone-air-flow rate. The building, outdoor-
air, ventilation rate is fixed for all runs. For runs with leaks, make-up air is supplied from the
outdoors. The system does not have an economizer cycle.

In the simulation runs for the 26% and 0% leakage cases, the supply fan flow rate is 3450
CFM. With 26% leakage, only 2553 CFM is delivered to the zone. With sealed leaks, the
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fan becomes oversized, as 3450 CFM is delivered to the zone when only 2553 CFM are
required during peak cooling conditions. For the sealed-leaks fan-resize case, the fan and
zone flow rates are equal at 2553 CFM.

The simulation analysis gives surprising results though the trends make more sense once
the simulation assumptions are understood. Nevertheless, the trends are not all consistent
with those expected in actual buildings. The simulation findings are discussed in detail
below.

2.4.2 DOE-2.1E performance predictions

Overall, the energy use of the system with intermittent fan operation is less than the
system with continuous fan operation. For CAV systems with continuous fan operation,
the fan energy use approaches the cooling electric use. For CAV systems with
intermittent fan operation, the fan energy is approximately 25% of the cooling electric.
While the CAV system that operates with fan cycling has energy benefits, the system
does not supply fresh, outdoor air to the building continuously.

presents performance data for the three leakage cases relative to the fixed-leaks
case. The data include the peak system electric (direct-expansion, air conditioning and
fan electricity), annual gas consumption, annual cooling electric, and annual fan electric.
The results from the simulation runs show very different trends for the different leakage
cases for a CAV system with cycling fan verses continuous fan operation. These results
are discussed for each type of fan operation below.

2.4.2.1 Intermittent fan operation

For intermittent fan operation, the results in [Table 14|and [Table 15|indicate that 26%
supply duct air leakage causes a 23% increase in peak demand. The energy consumption
of each of the system components is also increased by duct air leakage, ranging from 29
to 35% for heating, cooling, and fans. Although these simulation results seem reasonable,
there are several inconsistencies worth noting. First, it is not clear why the peak savings
is smaller than the average cooling savings, as most residential-system simulations and
field data indicate significantly larger impacts at peak. Some of this difference can be
explained by the lack of conduction losses and return leakage in the commercial building
simulations, however it does seem that makeup air should be hotter under cooling design
conditions.

Another inconsistency is that according to the simulation model, resizing the fan after
sealing leaks with intermittent operation does not produce significant fan energy savings.
In the model, hourly fan energy is determined from the design fan power and the on-time
part-load-ratio (PLR). The model assumes the design fan power is proportional to the
system design flow rate. The PLR for cycling is determined from the ratio of the zone
load for the hour and the maximum cooling extraction rate (ERMAX) for the hour. The
ERMAX is the amount of cooling that would be delivered to the zone with the cooling
coil and fan operating continuously for the hour. The fan energy is the product of the PLR
and the design fan power. Thus, if the fan is 30% oversized, the design power will be 1.3
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times that of the properly sized system. For the oversized system, ERMAX will also be
1.3 times greater. This increase in cooling extraction rate reduces the fan on-time during
the hour. This results in the fan energy for the over-sized fan being nearly equal to that of
the properly-sized fan. This is why the simulation does not show much of an energy
benefit for resizing the fan with intermittent operation. The problem seems to be that
ERMAX should not be 1.3 times greater when the fan is 30% larger, as the capacity of
the cooling equipment was not changed. Apparently there needs to be some consistency
check to assure that all of the various keywords describing system operation do not create
a logically inconsistent over-specification of the system.

The simulation model also predicts a small increase in annual cooling energy when
resizing the fan after sealing leaks with intermittent fan operation. This counter-intuitive
finding apparently results from the resized system having lower supply airflow delivered
at a cooler air temperature. To remove the same amount of energy from a zone, one can
use a higher flow rate with a higher supply temperature or a lower flow rate and a lower
supply temperature. A higher flow rate should result in greater fan energy use and
therefore more heat generation. A lower supply temper